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Design and Test of Bearings used in Electromechanical Systems Operating under 
High Vibration Environments  
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Introduction 

 
High-power-density battery and motor technologies continue to expand the use of electromechanical 
actuators into aerospace applications previously reserved for hydraulic systems. Among other applications, 
high-power electromechanical Thrust Vector Control (TVC) systems now trade favorably for certain launch 
vehicles and upper-stage vehicle systems. TVC application requirements have significant implications for 
the design of related ball/lead screw and thrust bearing subsystems. 

 
Electromechanical Thrust Vector Control systems experience unique environments relative to other space 
mechanisms – specifically they operate in close proximity to pyroshock devices, during highly dynamic 
engine firings (>60 grms), and with challenging radiative and conductive thermal boundary conditions (due 
to both nearby cryogenic fuels and combustion events). In this paper we report on the unique considerations 
required to make a TVC thrust bearing design close, in particular the impact of the vibratory conditions on 
the drag torque of the rotating assembly. 
 

Initial Design and Analysis 

Spaceflight mechanism bearing analysis is typically characterized by two regimes: high non-operational 
loading during launch followed by low to moderate loading during operation. In contrast, TVC systems 
experience high nonoperational loads during launch, followed by high (or even higher) operational loads 
and thermal extremes after separation (for second stage vehicles). This presents a unique challenge to the 
design wherein common simplifying assumptions may no longer be valid. 
 
One such assumption is the thrust bearing drag. Compared to a solar array or antenna position mechanism, 
the operational load and velocity of a TVC system are extremely high. This causes the drag of the primary 
thrust bearing to constitute a much more significant fraction of the system power relative to other orbital 
mechanisms. Key questions in this design phase include: 
 

 Are common assumptions for the scaling of variable losses (e.g., friction) valid under extreme 
vibratory conditions? 

 Can viscous losses associated with common lubricants (e.g., Braycote) be tolerated at 
temperatures below -50°C? 

 Given the above, is there a bearing preload scheme which maintains preload under high 
operational and dynamic loading, while also accommodating extreme survival temperature 
ranges? 

 
As is typical, the first analysis iteration was performed for PDR using ANSYS to analyze the vibration 
environment and Orbis to analyze the bearing maximum mean hertzian contact stress, truncation, life, and 
drag torque. In such an analysis, the bearing loads come from operation loads (pushing and pulling on the 
engine), vibration reaction forces created inside the actuator from the given vibration PSD boundary 
condition, and thermal loading due to CTE mismatch. Applying these forces cumulatively to the thrust 
bearings showed very high drag torques due to coulomb and viscous drag torques. Therefore, various tests 
were performed to validate the analysis. 
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In addition, torque margin analysis was proving difficult to pass given the wide temperature range 
(approximately -80°C to 120°C) and the unknown effects of vibration loading on the system. Various best 
practices were deployed for this challenging application: 

 Steel bearing sleeves to isolate bearings from the aluminum housing and prevent excessive or 
insufficient preload due to CTE 

 Tight bearing fits to reduce tolerance stack ups within the actuator 
 Limiting viscous drag by controlling lubricant quantities 

Still, drag torque predictions based on actuation load combined with random vibration loads were found to 
be infeasibly large. Thus, a test campaign was commissioned as it remained unclear as to whether the 
bearing drag torque during vibratory and actuation loads were appropriately margined.  
 
Variable/frictional losses are afforded significant Factors-of-Safety in sources such as NASA-STD-5017, 
however it remained an open question whether bearing preloads (set via precision-ground bearing pairs) 
and vibration loads (per an environment set by specification) should properly booked as Known or Variable 
loads in operational cases. Furthermore, Honeybee’s standard practice conservatively assumes that 
desirable frictional torques (e.g., in friction brakes) must drop to zero under vibratory conditions, however 
such an assumption is clearly not conservative for the drag torque of an operating bearing system. Thus, 
we sought to determine the degree to which vibratory loading increased or decreased the bearing drag for 
a highly preloaded and highly dynamically loaded bearing set.   
 
During the design and analysis phase, the bearings were optimized to minimize coulomb drag torque while 
still maintaining proper allowables for bearing max mean hertzian contact stress and no truncation. The 
stress and truncation results are also evaluated under worst-case bearing tolerances (raceway curvature, 
preload, and contact angle) and thermal extremes plus thermal gradients. It was found that increasing 
raceway curvature makes the largest impact on coulomb drag torque but also has a huge impact on 
increased contact stress. Therefore, the outer race has a much higher curvature than the inner race which 
not only balances the hertzian contact stress between the inner and outer race but allows drag torque to 
be reduced. A higher raceway curvature also helps reduce stiffness, which reduces reaction loads from 
vibration analysis. A larger contact angle also helps with drag torque but had a negative impact on bearing 
truncation and allowable deflections. Low contact angles were also desired to minimize bearing moment 
stiffness which results in lower moment load reactions due to vibration loading. Bearing preload was also 
minimized to reduce drag torque but had its limitations to avoid dramatic ball offloading and bearing contact 
stress. This results in the key bearing parameters shown in Table 1.  
 

Table 1. Key Bearing Parameters 

Description Value Units 

Free Contact Angle 15 Degrees 

Inner Race Curvature 52 Percent 

Outer Race Curvature 56 Percent 

Un-Mounted Preload 2670 Newtons 

 
Ball offloading was a concern in the initial design phase, so this is also something to keep an eye on during 
the testing and post-test inspections. The Orbis analysis shows that the ball will offload in both axial and 
radial vibration directions. This will result in unknown load conditions not predicted by Orbis when the balls 
recontact the raceway in a highly dynamic loading. Things to look for include excess torque spikes and ball 
or raceway damage or brinelling.  
 
A specifically designed test article was prepared to allow exploration of these factors on flight hardware, as 
shown in Figure 1.  
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Figure 1. Test Article with Flight Bearings 

Structural Analysis 
 
To inform the drag torque estimates before vibration testing, a structural analysis model was created for 
the test article and bearing loads were extracted for the various random vibration profiles. Beam loads were 
also provided to calculate crucial fastener margins such as joint slip and joint separation. ANSYS 2022 R2 
was used to perform the analysis.  
 
The analysis model included key geometry that can be seen in Figure 2. Bearing race geometry was not 
modelled, but rather the bearing was modelled as a joint connection with Multi-Point Constraint formulation 
and stiffness coefficients from Orbis which can be seen in Table 2. These stiffness values were iterated on 
several times using the extracted bearing loads of each run until the values converged within 10%. Note 
that the bushing connection has a local coordinate system that differs from the model coordinate system, 
with the X and Y axis being the radial direction of the bushing and the Z axis being the axial direction. 
 
After performing typical model checks the modal analysis was run from 0.00 to 3000.00 Hz with a fixed 
support applied to the calculated pressure cones on the housing. This can be seen in Figure 3. The modal 
analysis resulted in four (4) distinct modes; Table 3 shows the frequencies, mass participation and brief 
description of the mode shape. 
 
Lastly, a random vibration analysis was run on the model for both the in (X axis GCS) and through plane 
(Y axis GCS) direction. The same profile was used for both analysis and a total of eight (8) analysis were 
run at various levels. Two analyses were done at full levels (64.41 grms), two at -3 dB (45.60 grms), two at  
-6 dB (32.28 grms) and two at -12 dB (16.18 grms).  
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Figure 2. ANSYS Model – Final Test Setup with Flight Bearings 

 
Table 2. Bearing Stiffness Inputs 

Direction Stiffness Coefficient 

Kx (radial) 6.36e8 (N/m) 

Ky (radial) 7.04e8 (N/m) 

Kz (axial) 2.64e8 (N/m) 

Kxx (radial) 2.17e5 (N-m/rad) 

Kyy (radial) 1.97e5 (N-m/rad) 

Kzz (axial) 0.11 (N-m/rad) 

 

 
Figure 3. Bearing Housing Pressure Cones 
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Table 3. Resulting Fundamental Frequencies and Mass Participation 

Mode Freq. (Hz.) X Dir. Y Dir. Z Dir. Rot. X Rot. Y Rot Z. Description 

1 1.17 0.00% 0.00% 0.0% 0.00% 3.94% 0.00% 
Shaft spinning about Y 

axis (GCS) 

2 821.16 14.65% 0.00% 0.00% 0.00% 0.00% 14.08% 
Shaft bending about X 

axis (GCS) 

3 848.93 0.00% 0.00% 14.54% 14.13% 0.00% 0.00% 
Shaft bending about Z 

axis (GCS) 

4 1529.40 24.98% 0.00% 0.00% 0.00% 0.00% 0.00% 
Shaft pumping in/out 

about Y axis (GCS) 

 

Development Testing 
 
Thrust Bearing Vibe Test details are shown below, which are intended to confirm the predicted bearing 
coulomb drag torque vs actual drag torque during vibration environments. This Initial Test was performed 
very early on (before the final flight bearing design was complete) in order to get preliminary results to 
reduce risk. Further testing is performed on the flight bearings which is detailed later. Note that the initial 
test has a smaller dummy mass which is sized for the smaller bearings used comparted to the final test 
using flight bearings: 
 
Initial Testing (see Figure 4 and Table 4): 

1. Input shaft fitting to allow measurement of bearing drag (by hand with a torque watch) while under 
vibratory conditions 

2. GEVS vibe input (Qualification) was used for the test (due to facility limitations, and desire for 
comparison with lower/typical vibration environments) 

3. High misalignment constant velocity coupling was used to isolate vibrations from the 
measurement tool 

4. Bearing housing with DB angular contact bearings and ID-mounted dummy mass to provide 
inertial loading 
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Figure 4. Initial Test Setup – Smaller, Non-Flight Bearings 

 
Table 4. GEVS Vibration Input 
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Thrust bearing vibe test results are shown in Table 5. 
 

Table 5: Initial Test Results 

 Description Value  Units 

Bearing Drag Predictions from Orbis No load (preload only) 7.1 mNm 
1s dynamic/vibe loads 110 mNm 

3s dynamic/vibe loads 520 mNm 

Measured Bearing Drag No load (preload only) 28 mNm 

Dynamic/vibe loads 14 mNm 

 
These test results demanded further investigation in order to correct several concerns with the initial test: 

 Actual flight vibration environment is significantly higher than GEVS (64.4 grms vs 14.4 grms) 
 The analog torque watch suffered from some vibratory motion during the test, making the true 

drag value difficult to discern 
 Only one vibratory level/environment was tested, leaving the trend of drag torque reduction vs 

vibration level unknown 
 
The revised test plan was as follows: 
      Final Testing (see Figure 5): 

1. Digital torque watch to capture drag torque with a higher sample rate and reduce human error 
2. Higher vibe input of 64.4 grms was used for the test (per flight spec, proprietary profile not shown), 

and data was taken in ~11.5 grms increments  
3. Same coupling as used in the Initial Test 
4. Different fixture as used in the Initial Test, but sized to accommodate larger bearings and 

increased loading without causing rapid unscheduled disassembly 
 

 
Figure 5. Final Test Setup - Axial 
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Figure 6. Final Test Setup - Radial 

 
The test was run at qual flight PSD inputs which was slowly ramped up from zero dB to just under full level 
(57.6 grms was the max level due to shaker capabilities). The test would stabilize incrementally during the 
ramp up to obtain torque measurements by hand. Torque data was only collected up to ~32 grms for safety 
concerns and the misalignment coupler failed. Examples of the test data is shown in Figure 7. The unstable 
torque reading was due to operating the digital torque watch (sampling rate of 250 Hz) by hand for simplicity 
as the test is only looking for gross trends and not precise measurements. The bearing was rotated 360 
degrees CW and then 360 degrees CCW to obtain torque data. 

 

 
Figure 7. Measured Torque Data from Vibration Testing1 

These results are also shown in Figure 8 where a general trend is seen showing that drag torque decreases 
as vibration levels increase. This is distinct from the Orbis predictions which show a steep upward trend 

 
1 Note that during 0 grms test the CW to CCW transition occurred near sample 5000. During the 11.5-32.3 grms tests 
the transition occurred sooner, near sample 3000, because the operator was afraid of the vibration table and 
rotated the bearing faster in order to limit the total duration. In all cases the bearing rate was slow enough (< 5 
RPM) that the measured result effectively represents only Coulomb drag without a significant viscous component. 
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under combined loading. The measured drag torque can be extrapolated to compare to predictions at max 
vibration inputs (>60 grms) to ensure there will be no issues on the flight mechanism torque margin 
calculations. This results in higher predicted torque margins based on collected test data. The predicted 
drag torque under bearing preload only (0 grms) was in-line with measurements which validates Orbis 
predictions while the system is not experiencing vibration environments. 
 

 
Figure 8. Max Measured Torque Data and Predicted Torque over Varied Vibration Levels 

The bearings were inspected for ball offloading concerns post testing with an optical microscope and high 
magnification images using a Keyence digital microscope. No torque spikes could be detected when 
rotating the bearing by hand or with a torque watch, but inspections were performed to ensure there is no 
damage or brinelling.  
 
Figure 9 shows the bearings post vibration testing and before the grease was removed – both balls and 
races appeared in good condition and free from damage. Figures 10 and 11 show some level of marking 
to the outer races once the grease was removed. This is explained by the bearing analysis prediction that 
the contact angle will change from 8.9 degrees to 27 degrees during vibratory loads: these markings 
correspond to this large change in contact angle (the markings are in the axial direction). Optical profile 
measurements could not find any discernable material displacement; thus, we conclude these are 
superficial “polishing” marks and not brinelling or subsurface shear damage.  
 

 
Figure 9. Bearing Cage and Balls Post Vibration Testing 



576 

 
Figure 10. Bearing Outer Raceway at 50x Magnification 

 
Figure 11. Bearing Raceway at 50x Magnification Post Digital Processing 
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Lessons Learned 
 

 Torque testing under vibratory conditions is challenging and should be conducted with electronic 
measurement equipment/sensors. However, the simple apparatus shown here was effective for 
the task. 

 Spare non-flight bearings used in the Initial Test were needed to reduce risk early on in the 
program but data collection with flight articles and to flight loads proved more informative. 

 Predicted coulomb drag using reaction loads from combined operational and vibration 
environments is not accurate; the actual drag torque during vibration is, in all cases, lower than 
the 0 grms case and did not increase with dynamic loads as analyzed. 

 Ball offloading showed no adverse effects to the bearings and therefore would be tolerated in the 
flight assembly and performance life of the mission. 
 

Conclusion 
 

Based on this analysis and testing, conventionally predicted drag torques due to preload, operational loads, 
and random vibration loading are not accurate for highly preloaded bearings operating in high vibration 
environments. We conclude that this is due to the random loading direction changes happening over very 
short time durations. The bearing contact stress analysis still accounts for vibration, actuation, and thermal 
loads whereas the drag torque only accounts for actuation and thermal loads. 
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