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Bearing Anomaly for the Sentinel 6 Supplemental Calibration System 
 

Gale Paulsen*, Dylan Van Dyne*, Fredrik Rehnmark*, Phil Chu*, and Ted Iskenderian** 
 
 

Abstract 
 
The Supplemental Calibration System (SCS) was designed to rotate an elliptical reflector for the Sentinel 6 
Advanced Microwave Radiometer (AMR). By rotating the reflector, the system can perform calibrations by 
comparing the reflection from space to the reflection from an onboard calibration target. During the 
qualification testing of the SCS, a flaw was discovered that resulted in apparent brinelling of bearings that 
support the rotating reflector. An extensive investigation ensued to determine the root cause of the problem. 
Though the most likely root causes of the presumed brinelling ended up being the result of undersized 
bearing clamp rings and thermal mismatch, there were requirements that drove these design choices. This 
paper describes the design of the bearing assembly, requirements that drove the design, and documents 
a challenging investigation filled with ambiguous test results. 
 

Introduction and Assembly Overview 
 
Sentinel 6 is a spacecraft designed to continue the long-term continuity of satellite altimetry for sea surface 
height. This mission is a multi-agency collaboration between ESA, EU, EUMETSAT, NASA-JPL, NOAA, 
and CNES [1]. One of the upgrades to the Sentinel 6 microwave radiometer is a calibration system capable 
of maintaining measurement accuracy to within a few centimeters over the life of the mission [2]. To achieve 

this accuracy, the microwave 
radiometer is equipped with a 
Supplemental Calibration 
System (SCS). This system 
helps correct signal drift by 
directing the radiometer signal 
to two different calibration 
targets of known temperatures. 
It is the design and testing of 
this system, which is the focus 
of this paper. 
 
The SCS is mounted to the 
Reflector Support Assembly 
(RSA). It is shown as a blue 
assembly in Figure 1. Elements 
that comprise the SCS include 

a rotating Secondary Mirror (Figure 2); a stationary Space View Mirror to provide a “cold” calibration target; 
a Warm Calibration Target (WCT) to provide a “warm” calibration target; a structure to support the SCS 
components and to interface to the RSA; a Standard Dual Drive Actuator (SDDA) (Figure 3) to rotate the 
Secondary Mirror; a Launch Lock Mechanism to support the mirror during exposure to the launch 
environment; and a Feed Horn (not shown) to direct the microwaves to a wave guide assembly. In the 
standard operating mode, the system is positioned in its “science position” where it is collecting information 
on sea surface height. In this case, the Secondary Mirror is directed at the larger reflector on the RSA. To 
maintain signal accuracy, the system is required to perform a calibration approximately once every five 
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Figure 1. SCS location on the Sentinel 6 Spacecraft 
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days. When the calibration sequence is executed, the Secondary Mirror simply rotates to a hard stop at the 
WCT position and then returns to a hard stop at its nominal science position. During this process, the 
Secondary Mirror sweeps past the Space View Mirror, thus collecting the information required to correct for 
drift in the microwave radiometer signal. The stroke required to rotate from the science position to the WCT 
position (hard stop to hard stop) is approximately 120°.  

Driving Requirements 

The primary requirements that 
drove the design of the SCS 
bearing and housing materials 
and arrangement are shown in 
Table 1. Preliminary Design 
Review (PDR) and Critical 
Design Review (CDR) values 
are shown to highlight changes 
in requirement values as the 
development progressed. Each 
of these requirements had 
impacts on the system design for 
different reasons. Program and 
design choices made to meet 
these requirements ultimately 
resulted in the production of this 
paper. 

Table 1. Driving requirements for the SCS bearing assembly 

Requirement PDR Value CDR Value Implication 

Schedule February 2017 July 2017 Relatively short 
development time 

Mass < 12.4 kg < 15.4 kg All Aluminum 
structure 

Mass of High Melting 
Point Materials 

(Titanium) 
Not Fully Defined < 1200 g Aluminum structure 

preferred 

Qual Temperature 
Range (Op and Non-

Op the same) 
-45°C to +55°C -45°C to +70°C Routine 

engineering design 

Mirror Positioning over 
Temperature Range 

<0.2/0.2/0.2 mm in each 
axis and 0.05/0.05/0.08 

degrees including all 
launch and in-flight 

effects. 

<0.2/0.2/0.2 mm in each 
axis and 0.05/0.05/0.08 

degrees including all 
launch and in-flight 

effects. 

Press fits required 
on both inner and 

outer races 

First Frequency Mode > 100 Hz > 100 Hz 

Mass Sensitivity. 
More mass on 

mechanism 
requires more 

mass on structure. 

In the case of mass, the PDR requirement of <12.4 kg was late to flow down which subsequently resulted 
in a system well over mass allocation. The resultant mass at PDR was 14.2 kg Current Best Estimate (CBE) 
with 16.3 kg including Mass Growth Allowance (MGA). At PDR, it was apparent that the 12.4 kg requirement 
was going to be a significant challenge to meet going into CDR. A compromise was achieved by increasing 
the mass allocation to 15.4 kg, and the design was scrubbed to enter the CDR with a CBE mass of 12.8 

 

Figure 2. SCS Components 
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kg. The estimated MGA brought the total to 13.7 kg. The estimated MGA was validated when the 
assembly’s mass ended up at approximately 13.4 kg. This final mass even included a deviation after CDR 
that added more mass to the interface plate between the SCS and the RSA to increase the stiffness of the 
interface. 

A limit on the use of high melting point materials limited the mass of titanium that could be used in the 
design. For thermal reasons, a titanium bracket was used as an installation bracket for the microwave 
feedhorn. The mass of this bracket was only around 150 g. Other titanium parts throughout the design 
added roughly another 150 g for a total titanium mass of 300 g. In hindsight, there was room in the mass 
allocation to add titanium mass to other areas such as bearing shafts and housings. However, adding more 
cantilevered mass to the design reduced the natural frequency of the system. Also, preliminary test results, 
described later, provided confidence in the design choices made through CDR.  
 

At PDR, the qualification temperature range defined was 
relatively benign; ranging from -45°C to +55°C. Prior to CDR, 
this range was extended with the upper limit moving to +70°C. 
Nevertheless, the thermal environment was not considered a 
huge obstacle for the mechanism.  

Alignment of the mirror over the temperature range ultimately 
played into tolerancing and fits on the SCS bearing assembly. 
The temperature range over which the positioning requirement 
applied was reduced from qualification to Flight Acceptance 
(FA) temperatures. This change was a mitigation approach to 
reduce the preload stresses in the bearing by reducing the 
magnitude of interference fits across the temperature range. 

Meeting the first mode requirement was by far the most challenging part of this design effort. Margin of 20 
Hz above the first mode frequency was designed into the system to ensure the SCS could meet the 100 
Hz first mode requirement once integrated into the larger system. The mass of mechanisms and mirrors 
made 120+ Hz a difficult target. This is because the cantilevered nature of this system drove the center of 
gravity away from the interface (Figure 3). This led to a constant battle between function, mass, and 
stiffness. Additional design challenges came from a relatively high random vibration requirement at the SCS 
interface which started at 16.8 grms, but later reduced to 14.1 grms shortly before CDR. 

Risk Reduction Effort 

To proactively reduce risk, Brassboard versions of the thin section bearing assemblies were designed, 
procured, assembled, and tested. The primary objective of this effort was to reduce uncertainty in the drag 
torque of the bearing assembly across the operating temperature range. This was important because the 
control approach for this mission was to perform open loop control over the rotation of the Secondary Mirror 
using a fixed voltage input into the motor, and science was sensitive to the rotational velocity of the 
Secondary Mirror. Because of this, a requirement on the velocity was written to specify an operational band 
that ranged from 1.5 deg/s to 2.9 deg/s. Predictions on velocity prior to PDR showed little margin compared 
to the velocity requirements over the operating temperature range of the system (Figure 5). With so little 
margin against velocity, predictions on friction were important to validate. 

The Brassboard assembly consisted of the output bearing assembly, input bearing assembly, torque 
transducer, motor and structure (Figure 4). Configuration of the output bearing assembly (designed to 
support the mass of the Secondary Mirror) was a back to back duplex pair of angular contact bearings with 
a spring preloaded outrigger radial bearing to help support moment loads. A back to back duplex pair of 
angular contact bearings were also selected for the input bearing assembly. In this case, these bearings 
were separated by match ground spacers. Requirements on the input bearing assembly were much more 
benign because this assembly did not have to support the mass or position requirements of the cantilevered 

 
Figure 3. Center of Gravity of SCS 
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reflector. In the final SCS configuration, the input assembly simply supported a pinion gear that was mated 
with a gear on the output assembly. Gears were not included in the Brassboard assemblies. 

 
Figure 4. Brassboard test assembly. 

The test plan for the Brassboard was designed to measure the sensitivity of the design to the thermal 
environment, including thermal gradients across the bearing races. Multiple tests were performed at room 
temperature and qualification hot and cold temperatures to measure bearing drag (Figure 6). Additional 
data were collected during one of the thermal ramps where a relatively large (~12°C) gradient was enforced 
across the bearing races. For these analyses, ORBIS bearing analysis software [3] was used to predict 
bearing stresses and drag over the temperature range. Overall, results were very promising as predictions 
were within 0.1 Nm for most cases. This torque corresponds to less than 0.1 mNm at the motor which puts 
the value within the noise of the system. Viscosity for the Braycote lubricant was estimated using supplier 
data and the model defined by ASTM-D341 to interpolate over temperature. 

 
Figure 5. Predicted velocity as a function of temperature for two different gearbox efficiencies 

Development and testing of the Brassboard provided a lot of value going into CDR. Test results 
corroborated bearing drag predictions to within reason and the bearing assembly was proven to perform 
within specification over the temperature range with no anomalous behavior. From an assembly standpoint, 
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there was value in validating and practicing cleaning, lubrication, and assembly procedures. It really 
provided a lot of confidence in the performance of the Brassboard design. 

 

Figure 6. Bearing drag as measured and as predicted over as-built and MMC conditions for the Input and 
Output Bearing assemblies 

 

Instrumenting and Testing the SCS EM in TVAC 

Following CDR, a configuration change was made to the output bearing assembly. There was an 
incompatibility identified in the Brassboard design between the fit required to allow the radial bearing to 
float and the mirror pointing requirement. Analysis of the Brassboard configuration pointing requirements 
was not explicitly validated with the Brassboard build. There was no physical space for classic solutions to 
this dilemma, such as mounting the radial bearing in a diaphragm flexure. A floating radial bearing led to a 
concern that moment loading of the duplex angular contact pair would be higher than expected during the 
launch environment. With this, the team (Honeybee and JPL) agreed to dispense the radial bearing and 
change to a more widely-spaced duplex pair, consistent with the input bearing assembly’s configuration 
(Figure 8). The change enabled a more predictable fit through the thermal environment, and therefore a 
more predictable constraint on the position of the secondary mirror that the assembly supports. It also 
enabled less interference fit on the angular contact bearings, because the clearance fit budget was no 
longer being consumed by the radial bearing. The reduction in interference fit subsequently reduced 
predicted stresses on the bearing pair while still meeting pointing requirements, as later verified by test. 

The SDDA is capable of so much torque, offering abundant torque margin, that no observable increase in 
SDDA motor current could be measured when operating the SCS spin mechanism. This led to a 
configuration change between vibration testing on the EM and Thermal Vacuum testing (TVAC). To drive 
the Secondary Mirror, the motor and torque transducer combination used to measure drag in the bearing 
Brassboard were reconfigured to fit within the SCS assembly. This change produced valuable, high-
resolution drag torque data. Actuation of limit switches (used to confirm end of travel and positions around 
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the center of travel) was easily observed with the torque transducer. Operation of the SCS through the 
torque transducer ended up being key to identifying anomalous behavior in the mechanism. It was also an 
important tool in the subsequent anomaly investigation. 

Torque transducers were also used upon completion of each bearing assembly to perform a “run-in” test of 
the bearings. The purpose was to have the bearing assemblies operating at a “steady-state” torque, for a 
given temperature, over the life of the mission. These baseline tests provided a means for evaluating 
performance and identifying anomalies in the assemblies throughout their qualification cycle. 

Prior to running the first thermal cycle, a baseline set of data was collected at +20 °C (Figure 7). The next 
step was to be actuated at +70°C. However, there was an interrupt in one of the feedback channels used 
to control the Ground Support Equipment (GSE) motor. When the SCS returned back to room temperature, 
repairs were made to the EGSE and another set of data was collected. Though it wasn’t identified 
immediately, there was a ripple on a 12-degree period that became apparent at +20 °C. This ripple, in 
hindsight existed following vibration testing, but was amplified after the first ½ TVAC cycle to +70°C. During 
the subsequent test at -45°C, this ripple was impossible to miss.  

 
Figure 7. EM unit torque profile prior to TVAC (blue), at room temperature after ½ cycle to +70°C (green), 

and at -45°C (yellow) 

 

EM and Flight Model (FM) Design and Analysis 

To discover the root cause of the anomaly, the test program came to a halt. These test results were far 
from expected. The Brassboard assembly had shown that there “should” have been no reason for concern 
going into TVAC. It validated both performance and analyses. So, what happened? Something was missed, 
but what? 
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Figure 8. Cross-section view showing bearing mount geometry 

Bearing analysis was performed using Orbis [1]. For all load cases, predicted contact stresses were lower 
than the applicable operating and non-operating limits per GSFC-STD-7000A for 440C steel bearings (335 
ksi (2310 MPa) and 400 ksi (2760 MPa), respectively, for non-quiet applications). Alignment across the 
temperature range was achieved by controlling the maximum interference between the bearing races and 
mounting surfaces (shaft and housing). Unloaded balls were predicted for the launch load cases at the 3-
sigma level but none were predicted at the 1-sigma level. Areas of concern were identified at instrument 
CDR and closed out with additional analysis. There is still uncertainty related to these aspects of the design, 
which are not easily modeled. None have been ruled out as contributing factors to the torque spikes 
observed during thermal testing. Neither has any been singled out as the single root cause. 

The driving load case for non-operational contact stress is launch vibration. Static equivalent loads were 
generated for design purposes for 3 cases: Random X, Random Y and Random Z (all 3 sigma). A single 
enveloping load case was constructed using the maximum components and a factor of safety of 1.3 was 
applied to the load (Table 2). A 1-σ load case was also constructed. 

Table 2. Enveloping static equivalent load case for launch vibration (3 σ and 1 σ), including 1.3 FoS 

Case Fx (lbf) Fy (lbf) Fz (lbf) Fyy (in-lbf) Fzz (in-lbf) 
3 sigma 397 539 390 1755 1246 
1 sigma 132 180 130 585 415 

Bearing analyses presented at CDR predicted healthy load margins (~0.9) against contact stress allowables 
when subjected to the 3-sigma enveloping load case. This is consistent with static load ratings from the 
manufacturer (Table 3). Unloaded balls were indicated but no truncation. No unloading was indicated for 
the 1 σenveloping load case. Contact stress maps for the 3-σand 1-σ load cases are presented in Fig. 9. 

Table 3. Bearing Load Ratings from Manufacturer 

Silverthin 
Part # 

Physical Specifications Static Load 
Ratings 

Dynamic 
Load Ratings 

Bore 
Dia. 

Outside 
Dia. 

Pitch 
Dia. Width Ball 

Dia. No. 
Balls 

Contact 
Angle Radial Axial Radial Axial 

in in in in in deg lbf lbf lbf lbf 
SSB040BU5Z 4.0 4.625 4.313 0.313 0.156 58 30 3310 5890 1400 2100 
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Figure 9. Ball bearing contact stress maps for enveloping random vibration load case (3 sigma and 1 

sigma) 

This condition was deemed acceptable in light of guidance per NASA-STD-5017A [4] which states: 

Bearings should be preloaded with a load calculated to withstand the operational environments with no 
unloaded balls, known as “gapping.” Gapping under operational conditions is undesirable but may be 
tolerable in certain cases. However, increased component testing that verifies performance in this condition 
becomes necessary because it is difficult to predict the effects of gapping analytically. Testing should 
demonstrate lubricant lifetime, bearing component lifetime, specified functional performance and shaft 
stiffness. Under non-operational environments, it may be permissible to have some balls unloaded. 

Because the analysis failed to predict the torque anomaly encountered in test, a sensitivity analysis was 
performed to investigate the effect of varying bearing dimensional parameters and other analysis inputs. 
The list of cases considered and the resulting effect on maximum mean Hertzian contact stress is presented 
in Table 4.  

The highest stress (283 kpsi/1950 MPa) was predicted for Case 11a in which bearing internal preload is 
lost. This could occur if the flexible clamp holding the bearings together is defeated by excessive axial 
loads. The clamp was designed taking into account only the axial component of the launch loads. 
Accordingly, the pre-set bearing internal preload was selected to be 306 lb (1.36 kN) [5], corresponding to 
the axial load Fx without the 1.3 FoS. The clamp was sized to produce 3X this force (918 lb/4.08 kN) to 
press the inner races of the bearings together [6]. A higher clamp force would have required increasing the 
size of the clamp and the fasteners securing it, which would have exceeded the volumetric constraints on 
the mechanism design. The bearing spacers were precision ground to ensure the same internal preload in 
the assembly that the manufacturer ground into the bearings. 

The clamp design failed to consider the axial resultant of the moment loading on the bearing assembly 
during launch, which is significant. When this is included for Case 1, the clamp must resist a total axial force 
of 1056 lb (4.70 kN) (neglecting friction at the mount interfaces, which would tend to reduce the required 
force). For Case 2, the total axial force to be resisted is 532 lb (2.37 kN). This force could cause the bearings 
to separate and result in additional unloaded balls and more concentrated loads in the bearing. Comparing 
Case 1 and Case 11a, this is what the analysis predicts. However, a load margin of ~0.6 is still predicted 
against the non-operating contact stress allowable (335 ksi/2310 MPa) for 440C bearing steel in high 
precision, low torque ripple applications found in NASA-STD-5017A Table 2. 

Under these conditions, it is difficult to predict exactly what would happen in test using conventional analysis 
tools. It is also difficult to diagnose from the test data whether the bearing races moved during vibration or 
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thermal cycling or both. Damage caused during vibration could conceivably appear and disappear as the 
bearing is thermally cycled and rotated since the balls could track differently under different test conditions. 
 

Table 4. Random vibration sensitivity analysis results 

 

Temperature 

The driving requirement for selecting bearing fits was the alignment accuracy for the Secondary Reflector 
Mirror shown in Table 5. The cantilevered design amplifies the misalignment due to gapping at the bearing. 
The minimum press fit for the bearing assembly (largest gap at temperature) and resulting misalignment is 
shown. 
 

Table 5. SCS Secondary Reflector Mirror orientation harmonic error requirement and analytical 
predictions presented at CDR 

 

The effect of temperature on the bearing fits was studied extensively during the anomaly investigation and 
it was found that maximum contact stress reported at CDR was underestimated because the analysis did 
not take into account the thicker mount cross-section at one of the bearings and the effect of a steel gear 
mounted to the hub (the hub is the outer race housing). Orbis can account for varying mount cross-sections 
but cannot model a bearing mount consisting of two materials with different properties (i.e. aluminum 
housing on bearing row 1 and a steel housing on bearing row 2). Pressing the bearings into a steel hub 
would result in higher contact stresses than pressing into an aluminum hub of the same dimensions.  

The results of re-running the analysis with these corrections are shown in Figure 10. Due to the CTE 
mismatch between the shaft and hub, the trend of increasing stress versus temperature is reversed. With 
an aluminum shaft and hub, the hub grows away from the bearing and the shaft grows toward the bearing 
as the assembly is heated. The steel gear, however, restrains the hub radially and the bearing is, therefore, 
squeezed at elevated temperature. The highest contact stress is 283 kpsi (1950 MPa), predicted for a steel 
hub that is 20 degrees colder than an aluminum shaft at 70°C. This stress is significantly higher than 
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temperature-induced operational stress reported at CDR but comparable to the random vibration case 11a 
in Table 4 with zero preload. 

 
Figure 10. Effect of temperature on max mean Hertzian contact stress in the bearing assembly (bearing 

installed at 20C) 
 
The alignment analysis was also corrected for the effects of the thicker sections and steel gear. At cold 
temperature, the misalignment would be increased because the steel gear would restrain the hub from 
compressing the outer race. The resulting misalignment predictions, even at a worst case, are shown in 
Table 6. The requirement is satisfied in both cases. 

Table 6. Corrected mirror alignment analysis. (Case 19b Thick Section/Steel Hub) 

 

In consideration of these results, a lesson learned is that for a mechanism using thin section bearings with 
a combination of tight accuracy, significant loads and temperature variability, design constraints should be 
loosened to allow mounting of the bearing in a material with matching CTE. Moreover, when the bearing is 
designed and analyzed as a rigidly preloaded system, it should truly be rigidly clamped if you are to truly 
trust the analysis. Otherwise, analysis results may overlook effects which are difficult or impossible to model 
accurately. The modification of the bearing configuration between the Brassboard and the EM/FM1/FM2 is 
not believed to have been detrimental to the design. In fact, it was expected to be beneficial because the 
change reduced predicted bearing stresses. Had the Brassboard experienced the vibration environment, it 
too may have experienced similar behaviors. 

Root Cause Investigation 

The process of the bearing anomaly investigation was informed by a fishbone diagram (Figure 12), which 
lays out all reasonable causes for the drag torque spikes in the SCS bearing assembly. The diagram is 
color-coded to indicate the status of each possible cause. Green indicates that the cause has been 
exonerated, yellow indicates that the cause cannot be exonerated until disassembly and inspection of the 
bearing assembly, and red indicates that the cause is implicated in causing the anomaly.  

The top branch of the fishbone diagram concerns the bearings themselves. Manufacturing defects, poor 
design, inadequate analysis, or over-testing could all cause the anomalous torque spikes. The hardness of 
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the bearings was exonerated by measuring the hardness of a set of bearings from the same lot as the 
bearings in the EM unit. Tests resulted in an average hardness of 57.6 on the Rockwell Hardness Scale C 
(HRC), which was considered in-family with the specified requirement of 58-60 for the 440C stainless steel 
bearings.  

Bearing analysis via Orbis 3.0 indicated that an angular misalignment of 0.00028 in (7 µm) could introduce 
localized Maximum Mean Hertzian Contact Stress (MMHCS) greater than 335 ksi (2310 MPa). Both a 
coordinate measuring machine (CMM) and computed tomography (CT) (Figure 11) scans were used to 
evaluate this condition. CMM measurements showed a 0.0004-in (10-µm) difference across the bearing 
diameter while computerized tomography (CT) scans did not show any signs of misalignment. However, 
the CT scans only had a voxel resolution of 0.002 in (51 µm), which is not fine enough to detect the potential 
misalignment. The CMM measurements could only be made on the SCS secondary mirror attached to the 
output shaft. The alignment was only considered conditionally exonerated until the bearings could be 
inspected after a tear-down procedure on the EM unit. 

Quality issues with the bearing could include (but are not 
limited to) poor workmanship, damaged components, or 
out-of-specification material. A review was conducted of all 
quality systems involved with the procurement, assembly, 
and testing of the bearings. Contingent on future 
disassembly and inspection, the bearing quality was 
believed to be adequate. 

Poorly designed clamp rings or uncontrolled tolerance 
stack-ups between inner and outer bearing ring spacers in 
the output bearing assembly could result in Brinelling 
behavior. Manufacturing errors on bearing ring spacers 
could reduce preload and result in gapping during test 
events which could also damage the races. Either result 
could create the observed torque spikes. All inspection 
points and assembly measurements were reviewed to 
confirm that the as-built tolerance stack-up was nominal. 
Shimming and grinding procedures were confirmed to 
produce the desired preload, which was measured 
indirectly (by measuring the gap between the clamp and 
shaft/hub) during assembly of the bearings. Review of the 
clamp design analysis with a high-fidelity Finite Element 
Analysis (FEA) model confirmed good correlation with the 
load vs. deflection curves seen in in the as-built assembly. 
Bearing set running torque was measured during assembly 
and aligns closely with values predicted in Orbis. Axial 
acceleration endured by the bearing set during Protoflight 

vibration testing was measured to be 30% less than predicted, indicating additional overhead on bearing 
design safety factors. Status of manufacturing errors as the root cause is labeled as Conditionally 
Exonerated until the bearing set can be disassembled, allowing for closer inspection and more precise 
measurement (disassembly of the EM bearing assembly has not occurred at this time). 

Over-testing of the bearings could of course impart greater loads on the bearings than their design intended. 
A detailed review of all test parameters and instrumentation was conducted in relation to the Environmental 
Requirements Document (ERD). The review concluded that all parameters adhered correctly to the ERD 
and all measurements were taken with calibrated instruments. This cause was exonerated. 

The analysis performed to generate the bearing design was conditionally implicated in causing the bearing 
torque spikes. Analysis was performed with three different suites of specialized bearing software (Bearings 

 
Figure 11. CT scan of output bearing 

assembly 
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14, Orbis 3.0, and MESYS Version 07/2019) at all as-built and tested conditions, and agreed on the 
maximum mean Hertzian contact stress at assembly conditions within a reasonable range of approximately 
20 ksi (140 MPa). None of the tools predicted the anomalous behavior observed, indicating either the 
bearings cannot be properly modeled in the software, or their as-built configuration does not match the 
analyzed configuration. Therefore, the analyses performed must be called into question. 

 
Figure 12: Fishbone diagram 

 
All our nondestructive evaluation methodologies are all uniquely limited in their capacity to detect possible 
defects, so bearing defects and lubrication were considered conditionally exonerated until disassembly of 
the bearing set could be performed. 

The bearing set design was conditionally implicated as a cause for the torque spikes. This set design can 
be considered unique or unconventional due to the materials and fits used. Such uniqueness emerged from 
the complicated dimensional, environmental, and structural requirements imposed on the SCS. Until the 
bearing set can be properly simulated with the available analytical tools or inspected during a tear-down 
procedure, its design must be identified as a leading cause of the anomalous behavior. 

Poor assembly technique of the bearings could contribute to the type of anomalous behavior seen in this 
bearing set. However, all three SCS units exhibited the anomalous torque spike behavior at exactly the 
same position (where mirror was constrained during vibration testing and temperature ramps in TVAC). 
Although this paper focuses on the EM bearing set, both the Flight Model 1 and Flight Model 2 exhibited a 
similar behavior. The units only differ in magnitude of the torque spikes, where the EM had by far the highest 
measured torque spikes. The primary difference in testing between EM and FM1 is how the thermal 
environment was controlled in TVAC. Thermal gradients across the entire SCS structure were more closely 
controlled for the FM assemblies. 

Contamination of the bearing sets was conditionally exonerated as a cause for the anomalous behavior. 
Typically, any damage to a bearing set as a result of Foreign Object Debris (FOD) would manifest as a 
behavior isolated to one build of a bearing set. In this case, however, all three bearing sets that were built 
and tested exhibited very similar behavior. This cause is conditionally exonerated until a careful 
disassembly of one of the bearing sets could reveal some type of FOD generated by the assembly process. 



327 

The environments experienced by the bearing sets appeared to be the catalyst for creating and/or 
exacerbating the torque spikes. Vibration loads, bulk temperature changes, and temperature gradients 
across the bearing assembly, in particular, are conditionally implicated in causing the torque spikes. Pretest 
handling was exonerated because functional tests performed after assembly did not result in detectable 
torque spike behavior. 
 

Table 7: Summary of bearing anomaly tests 

Test 
Index 

Test Name Test 
Unit 

Environment Results 

1 Pre TVAC Torque 
Measurement 

EM Room Average measured torque aligned with predicted, small (~0.02 
Nm) periodic torque spikes observed 

2 TVAC Qual 1st Cycle 
Hot 

EM +70°C, Vacuum Torque spike magnitude increased to ~0.05 Nm from predicted 
drag torque 

3 TVAC Qual 1st Cycle 
Room 

EM Room Torque spike magnitude appears to be permanently increased 
at the same locations 

4 TVAC Qual 1st Cycle 
Cold 

EM -45°C, Vacuum Torque spike magnitude increased to ~0.30 Nm from predicted 
drag torque 

5 TVAC Qual 2nd Cycle 
Hot 

EM +70°C, Vacuum Torque spike magnitude appears to be permanently increased 
to ~0.30 Nm from predicted 

6 TVAC Qual 3rd Cycle 
Hot, Offset 

EM +70°C, Vacuum Performing hot TVAC cycle with bearing set rotated 6° from 
nominal position creates new spike location 

7 TVAC Qual 3rd Cycle 
Room, Offset 

EM Room Torque spike magnitude appears to be permanently created at 
the new locations 

8 TVAC Qual 3rd Cycle 
Cold, Offset 

EM -45°C, Vacuum New torque spikes still present, no apparent increase to 
magnitude (~0.05 Nm) 

9 TVAC Qual 3rd Cycle 
Room, Offset 

EM Room Torque spikes are permanently created following TVAC cycles, 
not exacerbated at cold 

10 Post Vibe Torque 
Measurement 

FM1 Room Small torque spikes observed in data, on the order of 0.02 Nm 
in magnitude 

11 Bearing Run-in Test 
(200 cycles) 

EM Room Torque spikes diminished in magnitude, from ~0.20 Nm to ~0.05 
Nm, 6° spikes are no longer present 

12 Pre TVAC Torque 
Measurement 

BB Room Brassboard unit exhibits torque spikes with ~0.04 Nm 
magnitude 

13 TVAC Qual Cycle Hot BB +70°C, Vacuum Torque spike magnitude increased to ~0.10 Nm 
14 TVAC Qual Cycle Room  BB Room Torque spikes appear permanently increased from previous hot 

cycle 
15 Pre TVAC Torque 

Aluminum Gear 
EM Room Torque spikes (~0.06 Nm) still present in bearings with steel 

gear replaced with aluminum stand-in  
16 TVAC Qual Cycle Hot EM +70°C, Vacuum Torque spikes increased to ~0.10 Nm with aluminum gear 
17 TVAC Qual Cycle Room EM Room Torque spikes permanently increased, average running torque 

also increased 
18 TVAC Qual Cycle Cold EM -45°C, Vacuum Torque spikes still present, no noticeable change in magnitude 
19 TVAC Qual Cycle Room EM Room Torque spikes still present, no noticeable change in magnitude, 

running torque in-line with pre hot cycle 
20 TVAC Qual Cycles 

Repeat at Hot 
EM Room & +70°C, 

Vac 
Repeated tests with steel gear reinstalled at hot and room 
temperature shows no significant change to torque spike 
magnitude 

The test program includes over 20 discrete thermal vacuum tests meant to collect data on the bearing sets’ 
anomalous behavior and find a root cause. The types of tests run were informed by various hypotheses 
developed between Honeybee and JPL during the investigation. Table 7 summarizes the tests performed. 
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For the sake of brevity, only the plots from a selection of these tests are shown in accordance with their 
potential to cause the anomalous behavior. 

Conclusions 

The anomaly in the SCS bearing assembly has been humbling, but interesting. A Brassboard assembly 
was built and tested to provide validation of the design concept and tools. Deviations to the design were 
made between the Brassboard and EM/FM designs that were expected to reduce stresses in the bearing 
assembly. Test results have shown that there was design oversight in the process used for the SCS bearing 
assembly. The root cause investigation eliminated several potential contributors or reasons for the anomaly. 
However, the team is still left with questions. 

• Did the anomaly occur during vibration testing, but only appear during TVAC due to some shift in 
the position of the ball track? 

• Is the anomaly a function of temperature or temperature gradients only? If so, why isn’t drag in the 
system unexpectedly high for the full stroke of the mechanism? Average drag actually remained 
reasonably consistent with predictions. 

• Is friction between the bearing and the shaft and housing too large to ensure the intended clamping 
over the temperature range, given the CTE mismatch? 

• Was the problem with the clamp stiffness? If so, this would indicate that the anomaly occurred 
during vibration testing as non-rigid clamps would only reduce stresses during thermal cycling. 

There are currently no plans in place to perform more tests, inspections, disassembly, or otherwise to find 
the true root of the problem for this assembly. However, there are some good lessons learned, or good 
reminders of lessons that have been learned previously by others. These are true particularly for thin section 
bearings which can be more sensitive to design parameters. 

• Fundamentally sound designs should be the starting point. In this case, use matching CTE 
materials, “rigid” clamps, and avoid mixed material designs that are difficult to model (e.g. the gear 
in the SCS assembly was restricting the growth of the housing). 

• Question requirements if they are dictating solutions that are difficult to analyze and push back if 
necessary. 

If the opportunity exists to pursue this investigation further there are more tasks that could be performed to 
help identify the root cause. These include disassembly of the EM to inspect the raceways; and assembly 
and test (both vibration and TVAC) of a few more units with changes to specific variables such as clamp 
stiffness, housing and shaft friction, and CTE mismatch. 
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