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Abstract
The NanoRacks CubeSat Deployer (NRCSD) is a system that is used to deploy small-form-factor satellites
off of the International Space Station. Deployment occurs by commanding the activation of each of eight
deployers that comprise the system. On early iterations of the NRCSD, commanding initiated the release
of a ball-lock mechanism, which in turn released the doors and allowed deployment of the satellites. Multiple
failures were experienced on the Orb-1 and Orb-2 NRCSD missions. Failures on the Orb-1 mission were
attributed to an electronics/avionics issue and were overcome without loss of mission. Failures on the
Orb-2 mission were of a different nature; two deployers never deployed, even after multiple command
attempts. Two deployers had an inadvertent deployment after previously being commanded.
Post-mission analysis included a Fault Tree Analysis of the NRCSD system as well as all individual
components and mechanisms, including the ball-lock mechanism that is used to release the doors and
deploy the satellites. The mechanisms were assessed by NASA’s Mechanical Systems Working Group,
NASA’s Payload Safety Review Panel, JAXA engineering, and NanoRacks engineering. The conclusions
of the Fault Tree Analysis and assessment showed that the cause of failure was excessive loading of the
ball-lock mechanism; screws that were intended to preload the system were excessively torqued, which
caused the ball-lock mechanism to seize. An operational procedure was implemented to remove the
preload screws on-orbit. Once the screws were removed, all subsequent activations of the ball-lock
mechanism were successful.
Introduction
The NanoRacks CubeSat Deployer (NRCSD) is a mechanism that is used to deploy small-form-factor
satellites off of the International Space Station (ISS). The system consists of individual deployers that are
bolted together in groups of four to form a ‘quad pack’. A mission can consist of up to two quad packs (eight
total deployers) mounted to the Multi-Purpose External Platform (MPEP), which is in turn mounted to the
Japanese Experiment Module (JEM) airlock slide table (Figure 1). The Launch Command Multiplexer (LCM)
and all associated cabling is also mounted to the MPEP, and the entire assembly is covered by Multi-Layer
Insulation blanketing. The MPEP is transferred outside of the ISS by the JEM airlock, and then grappled by
the JEM Remote Manipulator System (RMS); the JEM RMS then maneuvers the MPEP and NRCSD into
the deploy position. Commanding is done from the ground, coordinated by the Payload Operations
Integration Center at Marshall Space Flight Center and the Flight Operations Team at NanoRacks, and is
executed by Japanese flight controllers at the JAXA agency’s facility in Tsukuba, Japan.
The NRCSD was developed in response to a high customer demand for satellite deployment. The ISS has
had the capability to deploy CubeSats since 2012, when the Japanese Small Satellite Orbital Deployer
(JSSOD) was first used. The first deployments, which included a satellite flown by NanoRacks, served as
a pathfinder and revealed the commercial demand for ISS satellite deployment. The JSSOD, which is still
in operation to date, has been a reliable deployment mechanism, but is restricted by the limited capacity of
6U of satellites (by comparison the NRCSD has a capacity of 48U).
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Figure 1. The NanoRacks CubeSat Deployers; Two ‘Quad Packs’ mounted to the MPEP (JAXA, 2013)
The NRCSD deployer has three major components: the baseplate assembly, the rails, and the door with
release mechanism. The baseplate assembly is located at the back of each deployer and consists of an
enclosing back plate, a spring that provides deployment velocity, and a pusher plate that interacts with the
satellite. The spring is a linear coil spring that is fabricated with a custom spring rate; the spring rate is
designed to deploy the satellites at 1.5 ± 0.5 meters per second in order to be compliant with the ISS jettison
policy. Additionally, the baseplate assembly has a ‘jack screw’, which is a screw that is installed through
the baseplate and against the pusher plate. It prevents the pusher plate from retracting as well as preloading
the system stack. The preload is required so that the satellite system is determinate and does not move
independently of the deployer during launch and ascent.
The rails are considered a mechanism and consist of features that are integrated into the NRCSD structure.
They are precision-machined flat features and serve as the interaction points to the enclosed satellites.
There are a total of eight rails that extend into the center volume of the deployer and serve to define the
payload volume. The satellites are in direct contact with the rails and slide along them as they are deployed.
The doors of the NRCSD are a ‘barn door’ design, consisting of two overlapping doors. This was done
instead of a single door so that the deployed configuration would remain inside the required volume of the
JEM Airlock upon return inside the ISS. Each door has a hinge on the exterior side, with the centers
overlapping. All doors and hinges, rails, and pusher plate mechanisms have remained the same in function
throughout iterations of the NRCSD and have been evaluated by NASA’s Mechanical Systems Working
Group. They have been determined to meet the requirements of MA2-00-057 and use the Design for
Minimum Risk designation as hazard control for the ISS program (Robertson, 2016). Note that this
evaluation was performed on later iterations of the NRCSD, and is now only applicable to the current design
in use.
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The release of the doors, and thus the deployment of the satellites, is performed by the ball-lock
mechanism. The ball-lock is located between the two doors on one side of the door frame assembly (as to
not interfere with the satellite deployment). All ball-lock components are contained inside a housing, which
is fastened to the door frame assembly. When in the stowed (doors closed) position, the ball-lock functions
by extending and holding precision ball bearings into receptacles in each of the doors. Release is performed
by the retraction of the central plunger via pin puller, which allows the ball bearings to slide down a ramp
geometry and retract into the housing. Retraction of the ball bearings from the receptacles allows the doors
to swing freely and release the satellites.
On-Orbit Anomaly
The Orb-1 missions of the NRCSD experienced a deployment anomaly on-orbit that was diagnosed,
troubleshot, and overcome in real-time, resulting in the successful deployment of all satellites. The anomaly,
which was determined to be electronic, was due to the cold temperature of the NRCSD system at time of
deployment. Basically, the electronics did not function in the cold temperature extreme, and deployment
was planned just as the ISS was coming out of eclipse. The problem was mitigated by turning on the Launch
Command Multiplexer (LCM1) for a number of hours prior to deployment, which allowed the internal
components to come to operating temperature and function correctly. The LCM was returned to Earth for
diagnosis, and a newly-designed LCM (LCM2) was flown for the Orb-2 mission.
On Thursday, September 14, 2014 (GMT 247), the last round of commands was sent to the Orb-2 mission
of the NRCSD. Four (4) deployers had deployed nominally, two (2) had not deployed. Two (2) had deployed
hours after they had been commanded. A series of real-time safety meetings were held to determine a path
forward. Of notable concern was the fact that two deployers had released at an undetermined time after
being commanded, and that the two remaining un-deployed deployers had also been previously
commanded. This was a concern because the NRCSD needed to be returned to the JEM airlock and
brought inside; many options were considered, but ultimately a number of decisions were made. First, a
translation path was determined that minimized the amount of safety-critical hardware in the line of
deployment (should the deployment inadvertently occur during translation). Next, the safety-critical
hardware components were analyzed for structural safety should they be impacted by a deployed satellite.
Measures were taken to protect the ISS components that were identified as being at risk (specifically, the
observation window in the JEM airlock was protected). Finally, a procedure was implemented for the
protection of the astronauts once the NRCSD was returned inside the ISS pressurized volume. The plan
was executed, and the NRCSD was returned and placed in a safe configuration without incident.
Anomaly Investigation
Aspects of the anomaly investigation occurred immediately upon discovery of the failure to deploy. Crew
photography revealed that the first deployer that had inadvertently deployed after command had a slightly
retracted ball-lock plunger (Figure 2). This exact signature was observed in one of the three remaining
deployers that had failed to deploy. Scrutiny was applied to the electronics/avionics systems – this system
as well as the associated cabling was photographed and observed during disassembly and analyzed on
the ground. Finally, a Fault Tree Analysis was started and ground investigations began in earnest.
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Figure 2. The Ball-Lock Mechanism Prior to Commanding (left) and After Commanding (right). A slight
retraction of the central plunger can be seen.
Concurrently an effort began to develop and fly a secondary latching system that was designed to prevent
inadvertent deployment in the case that commanding did not result in immediate satellite release. The
system was designed and handed over to NASA in 38 days and proved successful for its first mission.
Launched on the SpaceX-5 Crew Resupply Vehicle and installed on-orbit to the remaining NRCSD
deployers, the next Orb-2 NRCSD mission that occurred included the secondary latch system and operated
without incident. Later implementations of this mechanism by the manufacturer were not as successful,
leading to another, unrelated deployment anomaly. Current iterations of the NRCSD do not have a
secondary latch system.
Ground testing focused on the isolation of the variables that had been identified as possible failure causes.
During a series of deployment tests, the jack screw was torqued beyond specification and the signature
observed on-orbit was observed. The behavior proved to be repeatable, and the results were presented to
NASA and the Mechanical Systems Working Group. With this discovery, the analysis of the system began
and a mitigation plan was developed.
Assessment and Analysis
The baseplate assembly has threaded inserts that allow for screws to be inserted – these ‘jack screws’
pass through the external baseplate and touch the pusher plate. A total of four jack screws (Figure 3) were
used in the baseplate assemblies during the Orb-2 missions. The purpose is to apply a clamping force on
the system, namely the pusher plate-satellite-door system, and ensure that the stack-up is statically
determinate. The deployment spring in its compressed state exerts approximately 22.2 N (5 lbf) on the
pusher plate. Because of the satellite masses (typically 3-5 kg, 6.6-11 lb) and the launch vibration
environment, the jack screws were implemented as a design feature to prevent system gapping. Nominally
the jack screws are installed though the baseplate until they are touching the pusher plate, then torqued to
0.11 N-m (1 in-lb). A review of the Records of Assembly revealed that the installation torque had not been
recorded. Additionally, the manufacturer had not performed a risk assessment analysis identifying this as
a possible failure mode.
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Figure 3. NRCSD Baseplate Assembly (Orb-2 Mission)
An individual NRCSD deployer was analyzed using a simple Free Body Diagram. The load path was
identified from the baseplate assembly, through the satellites, into the door frame assembly, and eventually
into the ball-lock mechanism. The satellites were analyzed separately and all shown to be adequate for the
axial loads that they were possibly subject to. The analysis illustrated in Figure 4 identifies the system as
extremely sensitive to jack screw installation torque. One important thing to note is that the pin puller that
is used to retract the plunger is rated to 44.5 N (10 lbf) of retraction force. Additionally, all analysis cases
include the force of the linear spring in the compressed state, which exerts a force of 22.5 N (5 lbf) on the
system.

Figure 4. Load Path Direction of the NRCSD
The satellites are loaded into an individual NRCSD. Once loaded, with the doors closed and the baseplate
assembly installed, a preload is applied to the back of the system via the jack screws. As shown above, the
system transfers the jack screw loading through the satellites and into the doors. The satellites interact with
the door as identified in Figure 5 and transfer the loading through the steel ball bearings into the retractable
plunger. The free body diagram of the ball-lock system shows the force that is transferred to the plunger.
Note that it is assumed that the loading is symmetric – each door is loaded equally and thus the force on
each side of the plunger is equal.
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Figure 5. Free Body Diagram of the Ball-Lock Mechanism
The hinge screws, contact points, and doors were evaluated for structural adequacy, and all components
had appropriate margin, even for extreme loading cases. Contributions to the system by the torque spring
on the front door hinges were not considered because of the very low spring constant (0.027 N-m/rad) and
corresponding low force (<<4 N). Additionally, the spherical contact surfaces were evaluated for Hertzian
stress and were determined to not experience deformation under load; this was later confirmed by postflight metrology. A coefficient of static friction was applied based on the material properties of the plunger
and steel ball fishines, and no deformation was considered.

Figure 6. Cross-Section of the NRCSD Ball-Lock Mechanism
At approximately 44.5 N (10 lbf) of static friction, the pin puller does not have enough force to retract the
ball-lock plunger. As can be seen in Table 1, this occurs at around 0.45 N-m (4 in-lb) of installation torque.
Using linear interpolation, this value occurs at 0.42 N-m (3.69 in-lb).
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Table 1. Installation Torques vs. Static Friction Force on the Ball-Lock Plunger

Conclusion
Due to jack screw torque variability, it is reasonable that Orb-2 NRCSDs that experienced anomalies were
installed with a jack screw installation torques greater than or equal to 0.42 N-m (3.69 in-lb). This would
lead to ball-lock mechanism binding. The installation procedure, which did not record the installation torque,
which was uncontrolled in some cases, further indicates this as a cause.
The anomaly signature was repeatable in ground tests. If installation torques were higher than 0.68 N-m
(6 in-lb), the entire system would seize and no deployment would occur. If the installation torque was
between 0.45 and 0.68 N-m (4-6 in-lb), the signature observed on-orbit was recreated. In these cases,
delayed deployment was observed in approximately 50% of cases, which is also consistent with the
behaviors observed on-orbit.
Implementation of New Processes
A number of new processes were implemented based on the conclusions of the anomaly investigation. A
notable early solution to the safety risk of delayed deployment, the secondary latch, actually led to additional
anomalies. The primary solution was the removal of the jack screws on-orbit. Additional NRCSDs were
onboard the ISS during the time of the anomalies and investigation; the jack screws were removed by
astronauts onboard, and the mission was continued. All deployments were successful, and this operational
procedure was implemented for all subsequent NRCSD missions.
Ground procedures were also modified to include the recording of the jack screw installation torque. The
design of the baseplate was modified to include only a single screw, which provided a much more
predictable control of installation torque. Tests were performed to measure the effect of installation torque
variation, which validated the previous analytical models.
The anomaly, the secondary latch issues, and other factors led to the decision to perform a complete
redesign of the NRCSD door and release mechanism. The new design was performed by NanoRacks
engineering (previous design had been done by the manufacturer). The new design included the removal
of the ball-lock mechanism and an overall reduction in part count. A tolerance assessment was performed
as part of the design process, the results of which were presented to the Mechanical Systems Working
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Group. Additionally, the Aerospace Corporation was hired as a third-party reviewer to ensure design
functionality. The new door was first implemented within a year of the on-orbit anomalies and has had a
100% success rate.
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Figure 7. The NRCSD on the MPEP, grappled by the JEM RMS
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Figure 8. The MPEP on the Slide Table (Left) and the NRCSD (Right)

Figure 9. The JEM and Facilities
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Figure 10. Fault Tree Analysis of the Orb-2 Mission Anomaly
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