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Abstract
Characteristics of a design process of a launch lock (LL) mechanism are described. This process began
with generation of data that proved a previous design would not perform its function reliably. The redesign was then accomplished through the use of fault tree analysis, which helped make a better
connection between requirements and actual failure scenarios. FEA modeling techniques for proper
stiffness verification through testing are explored. Proto-type testing revealed that coatings at a volatile
spherical joint interface became the primary area of concern as multiple configurations failed. Boron
Carbide, bare AM355 to Ti6Al4V with Braycote 600EF, Tiodize, Diamond-like nano-carbon (DLN), and
improperly configured coatings of MoS2 and TiCN were all shown to have unacceptable particle
generation. TiCN and MoS2 doped with SbO3 and Au were shown to meet cleanliness requirements once
coating parameters were properly controlled.
Introduction
Launch lock (LL) mechanisms are critical to mission success because they release payloads or unlock
other deployable mechanisms such as gimbals or solar panels. Failure of these mechanisms often
causes complete mission failure. Release and retention mechanisms in just the category of pyro-pin
pullers have had 84 failures over 23 years of space mission applications. Investigation has revealed that
35 of these failures were caused by lack of understanding on the part of the personnel in charge of
assuring the devices would work. Twenty-four were caused by poor design practice and incorrect use of
the hardware and twenty-three were attributed to manufacturer’s errors [1].
When an original LL device failed laboratory evaluation, considerable attention and oversight were given
to the reliability and performance requirements of a replacement design. It was required that a fault tree
be used to analytically demonstrate a mechanism reliability greater than 0.999. The analytical approach
was necessary because reliabilities of these magnitudes require hundreds and even thousands of tests.
For example, to demonstrate 0.999 with a 50% upper confidence limit requires 700 tests with no failures
occurring [13]. Even after such testing, the reliability is strictly based on the testing methodology. The
problem with demonstrating reliability analytically is that it can lead to considerable effort to get the
“correct” reliability that may have little practical value. Its usefulness is found in the effort to understand
reliability through a fault tree.
The traditional success criterion for system development is demonstrating requirements have been met
through a qualification process. The problem with this approach is that it often leads the design to not be
subjected to scrutiny beyond the designer’s understanding of the requirements. This understanding often
misses how a mechanism is going to fail. An enhanced approach is to include a requirement that
designers think about failure modes through creating a fault tree early in the process. The fault tree could
greatly aid in avoiding much more costly changes when hardware has been made, give a foundation for
systematically developing the qualification process, and give a means of centralizing communication of
failure modes for a mechanism.
Proto-type testing revealed that the major issue for the redesign effort was the spherical interface
between the LL unit and the separation element. A spherical interface was chosen to permit an adjustable
design that could meet an unknown tolerance stack-up without any required match machining operations.
This interface turned out to damage surface coatings under random vibration due to its nearly underconstrained condition.
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The resulting surface coating evaluations produced a robust solution but do not serve well as a strict
scientific study. Due to schedule constraints, multiple variables were not controlled and recorded as
thoroughly as desired. As a result, coatings which failed the testing shown here should not be discarded
for other applications because conformity to important factors like surface preparation before coating
application were not sufficiently controlled.
Previous Design Background
The investigation presented here started with the final qualification of a prior, virtually complete design.
Upon receipt of three flight units, several problems immediately came up that were due to mechanism
interference and jamming. After these problems were resolved and parts were prepared for testing, a
question arose regarding performance under required preloading. A light pre-load was applied to the
latching mechanism and it would not release. The mechanism was required to operate from a high output
paraffin actuator (HOP) producing less than 222N of activation force. The design was altered to
accommodate slim-line piezo-electric load cells to determine how much activation force was being
applied by the HOP. It was found that even with a slight mechanism pre-load of much less than the
required 4448N, over 1779N of activation force was required to actuate it. Upon actuation, the unit
exerted an audible shock. It became clear that the problem was that the pre-load was transmitted
perpendicularly into the mechanism such that a roller had to be rammed up a ramp (Figure 1). A solution
to balance the undesired moment exerted by the pre-load and a sloped ramp to make pre-load
application tend to open the mechanism were implemented and successful releases were achieved. This
design change, however, now had a tendency of making the mechanism pop open spontaneously under
static loading. This new problem resulted in the discarding of the prior design due the possible critical
mission failure that could result in an accidental LL release.

Figure 1. Original LL design problem
Design and development of the original unit did not focus on understanding failure modes. Requirements
were considered but a positive method of meeting the requirement was formulated and was not critically
analyzed from a mechanism functionality perspective. For example, the accepted demonstration of the
device being 0.999 reliable was that the HOP’s had a manufacturer’s reliability of 0.97. Since the release
was redundant with separate actuators, the reliability was therefore 1 – (1-0.97)*(1-0.97) = 0.9991. No
analysis into the failure modes of the actual mechanism was done. Even the use of the manufacturer’s
0.97 reliability number was applied incorrectly since the HOP was allowed to misalign by more than the
operational requirement of 3 degrees due to the mechanism’s clearances. With the original design’s
failure, the second design was conducted with a large amount of oversight developed to make sure the
next design would work.
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Several important lessons were learned from this design failure and were applied to the mechanism redesign. These are not new lessons for most experienced mechanisms engineers, but show how fault tree
analysis could have helped avoid the problems encountered.
1. Avoid creating mechanisms with pre-load that transmits into the mechanism outside of its local
plane of operation. Such forces will inhibit operation of the mechanism. Tolerance stack-up of
multiple parts becomes a serious factor in loads transmission.
2. Redundancy of operation for a LL type mechanism must be applied with caution. Adding
mechanical mechanism type redundancy only introduces complexity and gives another way for
the mechanism to release. Two requirements must be met. 1) The unit will never open unless
commanded (mechanical redundancy often hurts this) 2) The unit will always open if commanded
to (mechanical redundancy sometimes helps this if complexity does not cause problems). Dual
launch locks on a single deployed structure obviously should be avoided since such a design
would require two releases for successful deployment.
3. The attempt to balance out the forces and implementation of a ramp were examples of trying to
fix an unstable system by introduction of unstable equilibrium. High sensitivity to being in a
correct locking state and correct placement of the balancing force elements were the variables in
unstable equilibrium. A correctly reset unit could not be visually verified because the mechanism
links were covered. A design should never be implemented which has such sensitivities. Reset
type designs must easily be confirmed to be correctly configured.
4. Avoid mechanisms that push through a pre-load. Pre-load release should usually initiate the
mechanism operation instead of mechanism operation initiating pre-load release.
Many other problems for the original design were identified.
1. Pre-load was considered as an afterthought. The design was sold on a low shock consideration
that assumed that the pre-load release would be gradual. Overcoming friction was sudden and
high shocks resulted.
2. The required pre-load could not even be achieved without doing damage to the mechanism,
which was not observed in analysis because gaps were assumed to be zero.
3. Stiffness of the joint was evaluated as six linear spring constants that were derived from a linear
model. The modeling assumed entire sections of surfaces were welded. The joint stiffness is
actually a function of the pre-load and contact patch sizes that develop because of the geometry
to joint size ratios present. This analysis completely neglected off diagonal terms of a generalized
stiffness matrix.
4. Looseness of the mechanism was not evaluated. One HOP could misalign more than the
required 3 degrees.
5. The separation element (Figure 2) was a square peg in a square hole intended to provide a 6d.o.f
constraint. A good fit could not be achieved with this design. The peg tended to jam into the
pocket. If it did not jam, it tended to wobble which leads to non-linear stiffness at low load levels.
6. Pre-load was applied through the main body of the entire design. The pre-loading tended to wear
and damage irreplaceable interfaces.
7. The release interface was Ti6Al4V to Ti6Al4V with only Tiodize as a protective coating. The
Tiodize tended to rub off. Probability of cold welding can be greatly reduced by using non-similar
materials, hard coatings, and lubrication.
Design Development Using a Fault Tree
Assuring reliability has several stages. It starts with a robust design that is built to the correct
requirements, continues with a qualification process that must envelope requirements, and must be
followed by correct integration, which does not introduce unknown damage or an un-qualified
configuration before the mission commences. Difficulties can often arise due to the lack of passing
common knowledge of previous experts on to new personnel who do not know what is important and who
may be under pressure to finish the job. A way to minimize this problem and to establish a common
frame-work for methodically eliminating failure is to make a fault tree the central controlling entity of a
design. Explicit connections of failure mode numbers to analysis, detailed drawings, procedures, and
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derived requirements can serve to guide designers back to how they could cause failure. This centralized
use of a fault tree was utilized in the LL re-design. The idea was originally driven by oversight requesting
a strong analytical evaluation of the reliability of the device but the resulting fault tree analysis was found
to be very beneficial to assist in orienting one’s mind to eliminate critical failure modes. This process
easily incorporates standard activities such as stress margin assessments and test plan creation. The
specifics of general fault tree analysis are not discussed in this paper. Some good resources on this topic
are contained in the references [13, 14].
Launch Lock Design and Qualification Process
The design functionality of the re-designed LL device is illustrated in Figure 2. It constrains a gimbal at a
single location. The design has a spherical interface that allows the main housing to slide in a plane in
order to meet an unknown tolerance stack-up without having to do any match machining. This requires
lapping of the spherical parts to get a smooth fit. Release is accomplished via a low shock non-explosive
actuator (NEA) 9131 [2].
The fault tree was created early in the design process based on ‘brainstorming’ sessions within the
design team. Fifty-one mechanical events were identified, which were sources of either complete or
partial mission failure (Figure 3). Fault tree events were then noted in drawings for critical dimensions and
testing activities so that each part can be referenced to the fault tree (Figure 4). The fault tree work also
lead to the development of mechanism-specific testing that went beyond a standard qualification process.

Figure 2. LL operation
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Figure 3. LL fault tree with 51 mechanical events
Stiffness and Pre-load
Since the LL constrains the gimbaled system at a single location, the overall stiffness of the system has a
strong dependence on mechanism stiffness. Assessment of stiffness and pre-load are therefore critical to
device performance. In the previous design, this was recognized but compliance with requirements was
not correctly verified. The original design stiffness was quantified through a finite element analysis (FEA)
that assumed that entire interfaces were rigidly joined. This was discovered to be a poor assumption for
the pre-load and joint to length ratios present for the design. The stiffness was placed into the system
level model as six springs with rigid connections between multiple interface points (Figure 5).
In the re-design effort, careful consideration of failure modes lead this incorrect model to be replaced with
a mandate to experimentally measure the stiffness for the new design and to then use this data to tune a
geometrically accurate FEA model via three springs at the spherical interface. This first order assessment
st
of dynamic performance was considered sufficient since the 1 mode of the LL is much higher than the
system level modes of interest. A test setup that allowed general force application to the separation
element was designed (Figure 6). Monitoring of displacements was accomplished via LVDT’s.

Figure 4. Drawing package connection to failure events
Stiffness was evaluated experimentally as a 3X3 matrix (translations only with rotations free) about the
center of rotation of the LL spherical joint. This experimental assessment was compared to the same
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entity calculated from modeling results. The resulting stiffness correlation achieved accuracy of 4 and 2%
in the two directions that were critical to system level dynamics. The system level dynamics were
considerably different after this process had been completed. The first mode had dropped by 6% and
considerable changes in mode shapes and position had occurred. Load levels changed by up to 20% as
a result of the changes.

Figure 5. Original modeling (L) New modeling with experimental verification (R)
It is clear from these results that good modeling practice for single point constraint mechanisms should
include detailed modeling as opposed to the six spring approach that was originally used. Use of a
geometrically correct finite element analysis model, which has been verified experimentally, minimizes the
possibility of oversimplified or incorrect modeling. In cases where the coupling is not accurately modeled
as first order, even more advanced techniques such as frequency response function techniques could be
implemented to evaluate joint characteristics [3-5]. These techniques could clearly benefit future system
level modeling efforts but would require extensive development and validation to be used.

Figure 6. Stiffness setup and required improvements
The fault tree analysis reminded the design team of the importance of pre-load. The pre-load of the LL
affects stiffness considerably. Use of a strain gauge rather than relying on torque was therefore required.
Prior satellite hardware programs had used strain gauges and found that on occasions, the gauges
sometimes did not work correctly when pre-load was applied. This lead to the need to be able to verify
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strain gauge functionality on demand and to keep track of how much torque should be applied. In addition
to these requirements, pre-load data showing variations under random vibration, design limit load (DLL)
application, thermal cycling, and time were collected to assure that pre-load would not go out of the
qualified range of 4448N to 6672N during the required duration of mechanism performance. A target preload of 5693N was formulated based on the recorded data.
Margin Assessment
The fault tree approach required the assignment of a probability of failure for each structural element.
Positive margin assessment was therefore made at nominal and worst case geometry models. Since the
LL is an adjustable system, the geometry of the model was put into a “worst case” configuration as judged
by the author; who considered the development of moments due to DLL loading. Both high and low preload bounds were also applied from 4448N to 6672N since having lower level pre-loads could result in
lower contact and clamping forces causing stresses to re-distribute to other mechanism components. The
difference in Von-Mises stress between the two models was considered to be a 1- variation with respect
to possible deviations from the modeled stress assuming a Gaussian distribution. This assumption gave a
means of quantifying a probability of failure. For several parts, the difference from worst case to nominal
in stress was not negligible.
This process was an example of allowing reliability numbers that do not add value to drive considerable
effort. Carrying out this process was very tedious. The interpretation of actual worst case conditions is a
very difficult problem that can be conflicting for different load cases. For example, a thicker member may
be best for structural loading but may cause problems for thermal loading. It is also very hard to interpret
stress differentials between mating parts because interface meshes were not exactly the same, requiring
manual inspection during post-processing. In addition, contact conditions sometimes varied significantly.
Development of simplification for this process or assigning 0% probability of failure for parts with positive
margin in worst case conditions is recommended due to the tediousness and small real value of these
efforts.
Assembly and In-Process Testing
One hundred percent inspection data was used to build the three flight units based on which parts were
closest to nominal. The entire process of assembly was carefully controlled by a procedure that included
all the necessary critical verifications that tie back to the fault tree. In the later stages of assembly,
thorough characterization of each unit was carried out through a process that was dubbed “in process
testing.” This testing involved careful measurement of the mechanism drag under various configurations
including a single torsional spring case. It quickly revealed that flight 1 and 2 easily met the required
operational torque to friction torque ratio of 3 but that flight 3 did not. This task was highly valuable in
understanding the mechanism and its performance.
Coatings Issues
The failure mode that was hardest to obtain satisfactory results for was the spherical interface from the LL
main housing to separation element (Figure 2). The spherical interface was accepted because open
rotational d.o.f’s did not cause significant changes to the system level 1st mode and because it allowed
the separation element to enter the pocket with an arbitrary orientation. This reasoning did not consider
the resultant interface. The moment arm of the LL sphere is 15.82mm and the moment arm of the gimbal
is 596.9 mm (Figure 7). This thirty-eight-fold amplification makes sliding at the interface due to the gimbal
dynamic deformation inevitable even for very high friction and the highest pre-loads sustainable. The best
alternative to attempting to prevent sliding is therefore to allowing the sliding to occur while attempting to
minimize wear. This is opposite to a “no-movement-no-wear” approach like those presented for recent
studies for rough diamond like nano-carbon (DLN) surfaces [6].
Configurations were not controlled to the degree necessary for exact sample-to-sample comparison and
are very specific to the test setup used for vibration testing. Cleanliness, surface preparation, coating
application methods, and lubricant application methods were not well documented except for the final
TiCN-MoS2 case. The only precisely controlled variables were pre-load (5693N) and test setup
configuration. The random vibration (RV) environment generated was for a downsized test setup that
replicates the exit angle of the flight unit but is smaller by a scale factor of 2.5 (Figure 8). The fixture was
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designed such that root mean square force of a mass attached to the top is equivalent to that of the
acceleration spectral density (ASD) required. The similarity of the test setup to the flight unit with respect
to joint slipping was limited due to scaling effects. Later evaluations of the fixture indicated that RV levels
at the top of the fixture were actually much higher than predicted for the flight interface and that, from this
perspective, the test set up provides a conservative test case. In addition, testing was conducted at
qualification levels +6dB above the required ASD on three orthogonal axes for three minutes each (Figure
9). Thermal vacuum testing was conducted with the unit oriented so that the weight of the separation
element was free to fall. This 2-N weight was considered a lower bound for the force the gimbal would be
able to exert if any adhesion occurred.

Figure 7. Gimbal configuration
The proto-type unit had 2 microns of Boron Carbide (B4C) coating applied to both the separation element
and main housing. B4C is an extremely hard (micro hardness 4700 kg/mm square) ceramic film with a
nano-crystalline structure applied via physical vapor deposition (PVD) [7]. It was initially chosen based on
the requirement for a “good hard coating”. Given the limited initial requirements of good adhesion to
Titanium and applicable temperature range, no specific control of the application process was required of
the vendor and no adherence measurements were made before testing. No lubrication was placed
between the opposing surfaces. When the elements were separated after vibration testing, a powder had
formed between the two parts and extensive delaminating of the coating was visible (
Figure 10). No adhesion force significant to the application was observed between the parts. Energy
dispersive spectrometry (EDS) analysis and scanning electronic microscope (SEM) images of the coating
indicated that pockets of argon gas had been trapped in the coating layers during PVD application leading
to poor wear properties (Figure 11). The coating was immediately rejected as unacceptable due to
contamination potential and the fear that the delaminating could leave exposed clean, bare Ti to Ti in a
launch sequence leading to cold welding. This also resulted in a search for a new, more appropriate
coating for the hardware.
Due to scheduling constraints, a quick solution was desired. The separation element material was
changed to passivated stainless steel AM-355 that was the least reactive alternative per MIL-STD-889B
that also met strength requirements. A flight-like proto-type unit was re-lapped and DLN was applied on
both elements and Braycote 600EF applied between them. This test failed because significant pre-load
was not applied (Figure 12). A bare AM-355 to Ti6Al4V test was also run in hope a high friction interface
would remain static and not create particulate (Figure 12). Separation occurred after the thermal vacuum
cycles but significant fretting corrosion had taken place (Figure 12).
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Figure 8. Random vibration test setup.

Figure 9. ASD applied at base of LL (Figure 8)

Figure 10. Damage of B4C observed due to qualification level testing
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Figure 11. EDS analysis and SEM images of B4C coating with argon gas bubbles
A case with only Braycote 600EF between the surfaces was also run but too much was applied without
any dilution. It was learned afterward that Braycote must be applied in diluted form using the standard
removal solvent. After doing application studies it was found that Braycote is very difficult to uniformly
apply in diluted form. After RV and T-vac testing significant chemical reaction had occurred between the
annealed Ti6Al4V and the Braycote (Figure 14). Reactions of these types are described in [8, 9]. This is
the only case that did not separate at low temperature. The Braycote became very viscous and acted as
a sealant, creating a suction cup-like phenomena. When room temperature had been reached, the
elements had separated at an unobserved time. Another run with Tiodize and MoS2 doped with SbO3 and
Au revealed Tiodize did not have good enough wear properties to survive the required environment
(Figure 13).

Figure 12. Right: DLN coating failure due to lack of pre-load. Left: Bare metal case

Figure 13 L: Braycote to Ti6Al4V interface R: Tiodize and MoS2 after RV and T-vac Testing
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Figure 14. Separation element Braycote EDS analysis
A new coating dubbed “chameleon coating” utilizing MoS2 and graphite was investigated but not tested
due to its lack of flight history [10]. The friction data collected for this coating was promising and indicated
excellent friction characteristics in wet and dry conditions. This may be an ideal coating for similar future
applications where a complete testing process can be applied to guarantee flight performance.

Figure 15. Chameleon coating friction characteristics
After further investigation, a final working interface was found. The initial attempt at this interface was to
deposit one and a half microns of TiCN via PVD on the Ti6Al4V housing and one micron of MoS2 via PVD
doped with SbO3 and Au to make the MoS2 environment tolerant [11, 12] on the separation element. This
first attempt initially had two failed regions (Figure 16). A second attempt at this approach included
development of a specification for cleaning and preparation before coatings were applied. This process
comprises an automated aqueous detergent ultrasonic cleaning, an in-situ cleaning and coating cycle
within a chamber having capabilities of controlled atmospheres and sub atmospheric pressures and a
post deposition tribo-finishing. This combination survived a total of 45 minutes of flight, proto-flight, and
qualification levels. The toughness of TiCN with proper surface preparation on both elements coupled
with the high lubricity of MoS2 allowed the sliding interface to survive four times longer than required for
testing and flight. A similar combination called “Starvic” by Platit [15] is claimed to have some flight history
on space applications. Work concerning TiCN’s low adhesion properties is contained in reference [16]. All
of the cases are listed in Table 1.
It was found that coating thickness is very important. Four micron MoS2 has considerably higher residual
stresses and significant delamination for only 3 minutes of flight levels occurs. Scratch testing revealed
this weakness (Figure 17). The 1.0 to 1.5 microns of MoS2 is the confirmed working thickness.
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Table 1. Coating cases evaluated

Figure 16 L: First TiCN-MoS2 try. R: Successful TiCN-MoS2 qual testing
The use of single point spherical interfaces with a moment arm ratio of the system described is
successfully protected in this application by 1.5 to 2 microns of TiCN and 1.0 to 1.5 microns of MoS2
doped with SbO3 and Au with proper surface preparation of both elements. This combination represents a
highly robust solution that survives significant wear due to slipping under long duration RV environments.
It was learned that recalibration of coating equipment should be required using sample specimens.
Samples should always be included in every coating application run with flight hardware, should always
have a region masked and coating thickness measured, and EDS analysis, scratch testing, and SEM
should be applied immediately after application to verify compliance.
Conclusion
The fault tree method proposed is a valuable tool for carrying out the entire design process as opposed to
an uncontrolled original design effort. Applying this method to the LL re-design produced a very robust
solution to the failed LL design with very thorough qualification process. Methods for measuring stiffness
of the unit were successfully implemented and controlled. It was found that verified FEA methods are
important for single point restraint devices and that six spring representations are not adequate for
accurate modeling. The proposed fault tree process, if used correctly, is highly beneficial. However, it can
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become over-burdensome if difficult assessments, such as the margin assessment mentioned earlier, are
required. It is recommended that this process become a standard practice for critical mechanism
applications. Many other methods for careful thinking could be proposed but it is extremely important that
the mechanism community standardize methods for doing good design and clearly communicate this
information to new personnel.
Through this fault tree driven design process, the major design issue that arose concerned finding a
coating/lubricant combination that would not create debris under RV conditions. It was found that it is
better under the single point spherical socket conditions described to allow slipping to occur freely over a
smooth hard coating with very low friction rather than trying to constrain the interface completely. A robust
solution was produced using TiCN and MoS2 doped with SbO3 and Au. This solution is strongly
dependent on applying the correct coating thickness. It is recommended that future applications carefully
weigh the no-match-machining benefit of a single point spherical interface constraining a significant
inertia against use of a high friction flat or conical interface which will have fewer wear and coating issues
[6].

Figure 17. SEM Images of 4 micron thick (L) and 1.5 micron thick MoS2 after scratch testing
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