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Abstract

Miniature rolling element bearings used in aerospace mechanisms such as reaction wheels, gimbal
actuators, and optical pointing systems operate at extremely low torque levels while experiencing harsh
launch loads, high vacuum, and wide temperature excursions. These conditions present significant
challenges for experimental characterization because bearing torques are often in the micro-Newton-meter
range and highly sensitive to environmental and assembly conditions. This paper presents the design,
development, and initial validation of a high-sensitivity micro-torque measurement platform capable of
characterizing miniature bearings under space-relevant conditions. The system integrates with an existing
in-house cryogenic pin-on-disk tribometer and operates in high vacuum (~1.3x10-° Pa or 107 torr) over a
wide temperature range (—196°C to >550°C). The platform incorporates a custom-built vacuum-compatible
torque sensor capable of resolving torque variations as small as 5 uN*m while supporting both rotational
and reciprocating motion with a maximum rotational speed of 3600 rpm.

Initial validation testing was conducted on R1-4 bearings (6.35 mm outer diameter, 1.984 mm bore and
3.571 mm thickness) fabricated from martensitic stainless steel (X65Cr13) and Nickel-Titanium-Hafnium
(NiTi-Hf) alloys. Bearings were evaluated under loads up to 28 N (corresponding to contact stresses
approaching 3.6 GPa) at rotational speeds of 3000 rpm under vacuum. Bearings were tested with varying
levels of oil lubrication and dry (unlubricated). Observed torque levels ranged from ~100 to 2000 uN*m
depending upon lubrication condition and load. Results demonstrate stable and repeatable torque
measurement capability and reveal clear differences in torque stability, lubrication response, and wear
behavior between materials and operating conditions. Dry (unlubricated) testing at higher loads produced
large torque fluctuations associated with cage instability, whereas oil-lubricated operation yielded stable
torque with minimal drift and reduced wear. The findings highlight the importance of lubrication, precision
assembly, and alignment for reliable micro-torque measurements in miniature bearings.

This work establishes a new experimental capability for characterizing micro-scale bearing performance
under realistic aerospace conditions and supports the development of next-generation mechanisms for
small satellites, precision optical systems, and long-duration space missions.

Introduction

Miniature rolling element bearings used in aerospace mechanisms such as reaction wheels, gimbal
actuators, and optical pointing systems operate at extremely low torque levels while being exposed to harsh
launch loads, high vacuum environments, and wide temperature excursions [1-3]. These conditions create
significant challenges for experimental characterization because frictional torque levels are typically in the
micro-Newton-meter range and are highly sensitive to environmental factors, assembly tolerances, and
lubrication state. Reliable experimental data under representative space conditions remain limited,
particularly for emerging materials and miniaturized hardware.

Accurate measurement of rolling-element bearing torque in vacuum has long been recognized as
experimentally difficult. Early work at NASA Glenn demonstrated one of the first dedicated vacuum torque
measurement systems using a capacitance force transducer to directly measure rolling-element bearing
torque in vacuum environments below 1.3x10-4 Pa (10-%torr) [4]. That study highlighted key challenges that
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remain relevant today, including thermal stability of transducers, sensitivity limitations of strain-gauge
approaches, and the need for mechanically compliant measurement architectures compatible with vacuum
operation. Subsequent developments at NASA Glenn expanded these capabilities through dedicated
vacuum bearing rigs capable of long-duration testing of angular-contact instrument bearings, where torque
was measured using flex-pivot assemblies instrumented with micro-strain gauges and tested at vacuum
levels approaching 1.3x10-6 Pa (10-8 torr) [5].

More recent work within the aerospace tribology community has adopted both direct and indirect
approaches to bearing torque measurement. Dedicated vacuum test rigs developed at NASA Glenn and
related programs have enabled systematic evaluation of rolling contact friction and lubrication mechanisms
under representative contact stresses, though many such systems measure friction force rather than torque
in fully assembled bearings [5, 6]. In spacecraft mechanism testing, drag torque has often been inferred
indirectly using energy-balance approaches based on heat generation and rotational speed measurements
in dedicated fixtures [7]. Studies have also demonstrated specialized apparatus capable of measuring
starting torque across wide temperature ranges, highlighting the importance of environmental fidelity for
mechanism-level qualification testing [8].

Despite these advances, accurate measurement of miniature bearing torque remains difficult due to the
complex and coupled mechanisms contributing to frictional losses, including elastohydrodynamic traction,
lubricant shear, sliding within contacts, cage dynamics, and hysteretic material losses [9, 10]. These effects
become increasingly difficult to isolate as bearing size decreases and environmental effects increase,
reinforcing the need for dedicated experimental platforms capable of directly measuring torque under
representative aerospace conditions.

In parallel with instrumentation challenges, the development of advanced bearing materials for extreme
environments has intensified the need for improved test capabilities. Martensitic stainless steels such as
X65Cr13 (and related 440C alloys) remain widely used in spacecraft mechanisms due to their balance of
hardness, corrosion resistance, and load capacity [11]. More recently, NiTi-Hf alloys have emerged as
promising alternatives for miniature bearings operating in extreme environments because their relatively
low elastic modulus (~95 GPa) combined with high hardness allows greater elastic deformation under load
and improved resistance to surface damage [11, 12]. Previously published work demonstrated that NiTi-Hf
bearings can withstand static loads up to six times greater than conventional stainless steels while offering
non-magnetic and corrosion-resistant characteristics advantageous for space applications [13]. However,
comparatively little experimental data exist on the dynamic tribological behavior, torque stability, and wear
performance of NiTi-Hf bearings under realistic operating conditions.

To address these limitations, the present work focuses on the design, development, and initial validation of
a high-sensitivity micro-torque measurement platform capable of directly characterizing miniature rolling
element bearings under space-relevant conditions. The system integrates a vacuum-compatible torque
sensor into an in-house cryogenic pin-on-disk tribometer and enables testing at high vacuum (~1.3x10-%
Pa or 107 torr) across a wide temperature range (—80°C to 550°C), while supporting both rotational and
reciprocating motion over surface speeds from 0.01 to 50 m/s. Using this platform, hybrid (ceramic balls-
metal races) miniature 6.35 mm outer-diameter bearings fabricated from both martensitic stainless steel
(X65Cr13) and advanced NiTi-Hf alloys were evaluated under loads up to 28 N and rotational speeds up
to 3000 rpm.

This paper presents the instrument design and methodology, followed by initial validation results
demonstrating the platform’s ability to resolve load- and lubrication-dependent differences in torque stability
and tribological behavior between bearing materials. The results highlight the importance of precision
alignment and environmental control in micro-torque measurements and establish a new experimental
capability for evaluating next-generation bearings and lubrication strategies for spacecraft mechanisms.
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Experimental Methods

The tribometer, shown in Figure 1, used in this work was developed to enable direct measurement of very
low torque levels under representative space mechanism operating conditions while maintaining high
environmental fidelity and experimental flexibility. The system employs a two-stage pumping configuration
consisting of a mechanical roughing pump and turbomolecular pump, enabling rapid pump-down and
routine operation at base pressures on the order of 1.3x10-5 Pa with a liquid nitrogen trap. The pump-down
time to reach 1.3x10-* Pa is under 1 hour. Tribology testing can be conducted at ambient pressure (1 atm)
down to base vacuum pressure (1.3x10-5 Pa) or any level in between.

The relatively large vacuum chamber volume (~300 mm internal diameter and height) provides sufficient
space to accommodate multiple test configurations and alignment hardware, including a three-axis gimbal
and external drive components. Motion is provided by an external motor coupled through a ferrofluidic
feedthrough, allowing stable operation across a wide speed range and supporting both reciprocating and
continuous rotational modes. The instrument is equipped with a strain-gauge-based torque measurement
system for Pin-on-Disk experiments. Thermal capability was a primary consideration in system selection.
The platform supports temperatures exceeding 550°C, enabling evaluation of temperature-dependent
tribological behavior and lubricant stability under space-relevant thermal conditions. These combined
features make the system well suited for precision torque measurements of miniature rolling element
bearings under controlled vacuum, thermal, and mechanical environments.

I

- Motorized Lift jack

Drive motor
— Ferrofluid feedthrough

3 axis gimbal

- Torque strain gauge

7 Ball on flat

Figure 1. Vacuum chamber with multi-configuration tribometer capability, showing the motorized lift jack,
drive motor, ferrofluidic feedthrough, three-axis gimbal, torque strain-gauge assembly, and viewport. The
inset highlights the ball-on-flat configuration used for tribological testing under controlled vacuum
conditions.

For the bearing experiments described in this work, the tribometer was configured to operate in a bearing

cartridge test arrangement designed to ensure repeatable loading and alignment while maintaining
sensitivity to small torque variations. As shown in Figure 2, the bearing assembly was mounted within a
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precision housing and driven through the external motor and ferrofluidic feedthrough, allowing torque to be
measured directly through the strain-gauge transducer under controlled rotational conditions. Careful
attention was given to minimizing misalignment sources within the motor drive and support structure to
ensure that measured torque primarily reflected bearing behavior. The bearing torque was determined by
measuring the angular displacement of the encoder assembly coupled to the flexpivot. The measured
angular rotation was converted to torque using the known torsional stiffness of the flexpivot according to
Equation (1).

T=krx0 (1)
Where:
T is the bearing cartridge torque for the two bearings measured in [uN * m]

ky is the torsional spring rate of the flexpivot [“ m]
6 is the measured angular displacement [degrees].

The flexpivots used in this study were supplied by Riverhawk Company, and their dimensions and torsional
spring constants are summarized in Table 1. Initial testing indicated that the initially selected flexpivot size
(Riverhawk 5006-800) did not provide sufficient stiffness to minimize misalignment within the assembly;
therefore, the larger Riverhawk 5008-800 model was adopted for the final configuration. Angular
displacement was measured using a vacuum-compatible Renishaw TONiC™ optical incremental encoder
in a rotary configuration with dual readheads to improve measurement accuracy over small angular
displacements.

Table 1. Flexpivot parameters for bearing torque calculations.

Catalog number  kr [degree] Diameter [nm] Length [mm]  Maximum Axial load [N] Test rig version
5006-800 80 4.7625 7.62 62.3 Initial
5008-800 200 6.35 10.16 111.2 Final

|(b)

Drive chuck
Bearing cartridge

Figure 2. (a) Overall view of the bearing test assembly outside the vacuum chamber, showing the drive
chuck and encoder assembly used for torque measurement, (b) Close-up of the bearing cartridge
mounted to the flexpivot assembly with ER11 collet interface clamping the flexpivot, illustrating the

torsional compliant mounting arrangement used to transmit bearing torque.
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Hybrid (metal races with ceramic balls) test bearings GRW 5/64 (comparable to R1-4) were supplied by
Gebr. Reinfurt GmbH & Co.KG (GRW) and manufactured from X65Cr13 and NiTi-Hf (Figure 3a) and
installed in a custom cartridge assembly designed to ensure repeatable positioning and controlled preload
application. The bearings incorporated steel ribbon type cages and SisNa4 rolling elements and had an outer
diameter of 6.35 mm, a bore diameter of 1.984 mm and a width of 3.571 mm. As shown in Figure 3b, the
cartridge assembly was designed to maintain concentric alignment while allowing controlled axial loading
through the use of wave washers. This configuration provided the compliance necessary to accommodate
minor assembly tolerances while minimizing misalignment and parasitic loading effects during testing.

(a) (b) » |
X65Cr13 or NiTi-Hf Prlve shaft

Races :.:ILI_\F—IS 1]in Hilse (Pos. 8] ’:_

\\
,

/S _ '__',,_',.'.;--Top plate
- Test bearings

- Wave washer
-Housing

(oas),

SisN,  Steelribbon | |/ ¥
Balls type cage — L

Figure 3. (a) GRW miniature rolling element bearing used in this study (6.35 mm OD), showing cage and
Si3N, rolling elements. (b) Cross-sectional schematic of the custom bearing cartridge assembly illustrating
the mounting configuration, axial preload application, and alignment features used for repeatable torque
measurements under vacuum.

Table 2 summarizes the test conditions used for validation of the bearing test platform. Experiments were
conducted using bearings with race materials of X65Cr13 and NiTi-Hf at applied loads of 16, 22, and 28 N.
These loading conditions corresponded to calculated maximum contact stresses ranging from
approximately 2.1 to 3.59 GPa, with NiTi-Hf consistently exhibiting lower contact stress due to its reduced
elastic modulus. All tests were performed in duplicate, at room temperature (25°C) and a rotational speed
of 3000 rpm. Testing of NiTi-Hf bearings at 28 N was not completed within the scope of the present study.

Table 2. Test configuration for validation of the bearing tester.
Race Material Load (N)  Contact Stress (GPa) Temperature (°C) Speed (rpm)

X65Cr13 16 3.03
NiTi-Hf 16 2.1
X65Cr13 22 3.34
- 25 3000
NiTi-Hf 22 2.31
X65Cr13 28 3.59
NiTi-Hf 28 2.48
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Force-displacement characterization of the wave washers was conducted prior to testing to determine the
required cartridge displacement for achieving target bearing loads. As shown in Figure 4, the measured
response provided a consistent and predictable relationship between displacement and applied force
across the operating range corresponding to 16, 22, and 28 N loads. These results were used to establish
repeatable preload conditions for all experiments by fixing the displacement on the assembled bearing
cartridge. Multiple washers were evaluated to confirm reproducibility, and a new washer was used for each
test to maintain consistency.
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Figure 4. Force-displacement characterization of the wave washer preload elements used in the bearing
cartridge.

Results and Discussion

Following mechanical characterization of the preload system, initial verification tests were conducted at the
lowest applied load (16 N) to confirm stable system operation, alignment, and measurement repeatability.
Figure 5 shows the evolution of bearing torque as a function of time for both bearing materials under these
conditions. These preliminary tests were intended to establish baseline performance of the instrument while
ensuring that measured torque was dominated by bearing response rather than fixture or drive-train
contributions.
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At this load level, the instrument demonstrated stable signal acquisition and consistent torque resolution,
with the X65 material exhibiting steady torque near ~90 uN-m and NiTi-Hf stabilizing near ~210-300 pN-m
after an initial transient period. It is worth noting that the NiTi-Hf tests showed signs of misalignment after
inspection, suggesting the high torque observed was mainly due to misalignment. The early-time response
reflects run-in effects and redistribution of contact stresses as the bearings reached steady operation.
However, intermittent torque excursions and eventual bearing failures were observed during extended
operation, indicating that assembly-related dynamics were influencing system behavior even at relatively
low loads.

These observations were critical in identifying limitations within the original test configuration. In particular,
the failures highlighted sensitivity to small misalignments and torsional compliance within the drive system.
As a result, modifications were implemented, including redesign of the flexpivot coupling mechanism,
replacement of the initial flexpivot by a larger unit, and incorporation of an additional flexible coupling in the
drive train to improve alignment tolerance and reduce side loading. These changes significantly improved
system stability in subsequent testing and were incorporated into all later experiments.
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Figure 5. Bearing torque as a function of time for X65Cr13 and NiTi-Hf bearings tested under vacuum at
the lowest applied load (16 N). Bearing failures and high torque observed due to misalignment.

Following initial verification, testing was extended to progressively higher loads representative of miniature
bearing operating conditions. Figure 6a shows the evolution of bearing torque as a function of time for X65
bearings tested at 22 and 28 N under dry conditions. While the instrument maintained stable signal
acquisition and good repeatability across repeated runs, the bearings exhibited pronounced torque
fluctuations and unstable behavior throughout testing.
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At both load levels, torque increased rapidly during early operation and displayed substantial variability over
time, particularly at 22 N. These large fluctuations are consistent with unstable rolling and intermittent sliding
within the contacts. In several cases, abrupt torque excursions followed by signal collapse were observed,
corresponding to cage instability and eventual cage failure, as indicated in Figure 6a. The elevated torque
levels and irregular transient response further suggest that dry operation introduced significant dynamic
contributions from cage motion and localized contact interactions that dominated the measured signal.
Despite these instabilities, repeated tests showed consistent trends in both magnitude and temporal
evolution, confirming that the observed behavior originated from the bearing response rather than
measurement artifacts. These results indicate that dry testing at higher loads was not suitable for isolating
intrinsic rolling contact behavior and that lubrication was required to stabilize cage dynamics and obtain
meaningful torque measurements, especially with steel ribbon cages. Further testing will determine if
polymer retainers will help in stabilizing cage dynamics and provide reliable torque data under dry
conditions.
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Figure 6. (a) Bearing torque as a function of time for dry X65Cr13 bearings tested under vacuum at
applied loads of 22 and 28 N and a rotational speed of 3000 rpm, (b) Bearing torque as a function of time
for oil-lubricated X65Cr13 and NiTi-Hf bearings tested under vacuum at applied loads of 22 and 28 N.
Tests were conducted using PFPE (Fomblin) solvent plating lubrication.

Based on these observations, additional experiments were conducted under oil-lubricated conditions
(Figure 6b) to reduce cage-induced variability and enable controlled evaluation of load-dependent torque
response. A PFPE lubricant (Fomblin 25/6) was applied using solvent-oil solutions at two concentrations: a
1:10 ratio delivering approximately 1 mg of oil and a 1:1 ratio delivering approximately 12 mg. Figure 6b
shows the torque evolution for multiple X65 and NiTi-Hf bearing tests conducted under vacuum with
lubrication at different load levels. All tests exhibit stable torque response with minimal drift over time,
confirming consistent operation of both the bearing assembly and measurement system. The slightly
elevated torque observed in the 28 N load tests further highlights the sensitivity of the system to small
differences in load conditions or lubricant distribution. A summary of the steady-state torque values for each
test is presented in Table 3.
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Table 3. Summary of steady state bearing torque for tested bearings under different conditions.

Test Lubrication Run time Bearing torque [uN * m]

X65 16N Dry 1 hour 150+602

Dry 20 min 1299 + 501 ©
X85 22N Fomblin Qil 1:1 Upto 26 h 178 £ 58

Dry 10 min 401 + 38 ab

X685 28N Fomblin Qil 1:10 1h 1217 £ 179
NiTi-Hf 16N Dry 1 hour 198 £132
NiTi-Hf 22N Fomblin Qil 1:1 8h 220 + 86

2 High noise, ® Bearing failure observed

At the lower load condition (22 N), torque levels decrease as expected due to reduced contact stress and
lower viscous shear contribution from the lubricant. The gradual evolution observed during early operation
likely reflects run-in behavior and lubricant redistribution as contact conditions stabilize under vacuum. The
NiTi-Hf bearings showed the lowest and most stable bearing torque. This reduced torque may be attributed
to NiTi-Hf’s lower elastic modulus that results in a larger contact area and thicker EHD film. NiTi alloys also
exhibit significantly lower elastic deformation losses (hysteresis) than steel and this difference may be a
contributing factor. Across all lubricated conditions, torque ripple remained low, indicating stable alignment
and confirming that parasitic contributions from the fixture were minimal.

The higher oil concentration produced the most stable torque response, maintaining consistent behavior
even after 8 hours of continuous operation in both materials. In extended testing, the X65 bearing was
operated for up to 26 hours and showed no measurable wear, including after sequential exposure to helium,
argon, nitrogen, and air environments, indicating stable lubrication performance across varying gas
conditions. Overall, these results demonstrate that the developed platform reliably resolves load-dependent
torque behavior while capturing subtle variations associated with lubrication state, assembly repeatability,
and system stability, further validating its suitability for precision characterization of miniature rolling element
bearings under representative aerospace operating conditions.

Figure 7 shows representative optical images of the tested miniature rolling element bearings following

torque experiments. The images illustrate that the bearings ran with no significant damage and further
disassembly is required to assess the wear patterns and surfaces.

X65 Oil 1:1 22N X65 Oil 1:10 28N NiTi-Hf 1:1 22N

Bottom brg ©

Figure 7. Representative optical images of tested miniature rolling element bearings following torque
experiments.
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Figure 8 shows some examples of the typical “failure” modes observed in the bearings after careful
disassembly, including minimal metallic particle contamination, major metallic particles, oil degradation and
particle indentations. Figure 8a shows typical fine wear particles and 8c shows large metallic debris adhered
to the raceway surface following testing, Figure 8b illustrates a cage wear pattern accompanied by evidence
of localized oil degradation along the contact path, Figure 8d shows particle-induced indentations on the
raceway surface, indicative of debris entrainment and localized surface damage under rolling contact
conditions.

®

Particle indentations

(Objektiv Z50.X400

Figure 8. Representative high-magnification optical images of wear features observed on tested
bearings.

Visual inspection of the tested bearings was performed to study the worn surfaces. In addition, bearing
noise measurements were performed on each tested bearing to evaluate signal response and identify
potential defects. These combined observations are summarized in Table 4 where friction, wear, and noise
are ranked qualitatively, where fewer “+” symbols indicate better performance. Color coding aids
comparison: green = best, orange = moderate, and yellow/red = poor behavior.
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Table 4. Summary of noise and wear results for tested bearings under different conditions.

Test Lubrication Friction Wear Bearing noise  Run time Observations
X65 16N Dry +++ +++ ++ 1 hour Minor particle contamination
X65 22N Dry . _ +++ 20 min Major and minor particles, cage failure
Fomblin Qil ++ ++ ++ Upto 26 h Race Indentations
X65 28N Dry . ++ +++ +++ 10 min Particle contamination
Fomblin Qil +++ ++ + 1h Indentations
NiTi-Hf 16N Dry ++ ++ + 1 hour Minor particle contamination
NiTi-Hf 22N Fomblin Qil + + + 8h As new

Under dry conditions, the X65 bearings consistently exhibited higher friction, wear, and noise levels,
particularly at increased loads. Visual inspection frequently revealed particle contamination, cage-related
damage, and localized raceway distress, which corresponded with elevated noise measurements and
unstable torque behavior observed during testing. In contrast, oil-lubricated tests showed reduced friction
and wear, with most bearings remaining in good condition after testing. The bearing noise measurements
confirmed these observations, with lower signal amplitudes typically associated with stable operation and
higher values indicating defects such as indentations or particle damage.

The source or sources of contaminant particles have not yet been determined. They may be coming from
the cage, the races, the fixtures or possibly the lubricant. Proper care was taken to clean the bearings and
fixtures prior to and during lubrication and installation. Ultrasonic cleaning was utilized for the fixtures with
hexane and IPA. The bearings were cleaned via dipping in hexane and IPA. Additional forensic effort is
planned to identify the contaminant origins in the future.

The NiTi-Hf bearings demonstrated improved performance overall, with lower wear and noise levels
compared to X65 under similar test conditions. Visual inspection generally showed minimal running track
formation and fewer signs of distress, particularly in oil-lubricated tests where the bearings remained in
near-new condition. These findings support earlier observations from torque testing, indicating that
lubrication significantly improves system stability while reducing cage-driven variability and surface
damage.

Overall, the visual inspection, wear assessment, and noise measurements showed strong agreement with
the torque data and collectively confirms that the instrument configuration provides the required stability,
resolution, and environmental control for reliable evaluation of micro-scale torque behavior in miniature
rolling element bearings under representative aerospace operating conditions.

Lessons Learned and Impact

Testing under high-vacuum conditions enabled characterization of torque behavior not fully observable in
ambient environments as the tribological surfaces are subjected to completely different tribochemical
environments. Testing in high-vacuum allows isolation of intrinsic bearing response, including torque
stability and ripple across load and lubrication conditions, and tribochemical effects. These results reinforce
that realistic environmental testing is essential for evaluating miniature bearings intended for space
mechanisms and should be incorporated early in development programs.

The sensitivity of the measurement system proved essential for resolving small but meaningful differences
in performance between bearing materials, preload conditions, and lubrication states. The ability to capture
subtle variations in torque ripple and stability demonstrated that micro-scale torque measurement capability
is not only beneficial but necessary for identifying design-relevant behaviors that may not be detected with
conventional approaches.
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Repeatability was strongly dependent on precision cartridge assembly and alignment. Small variations in
preload, concentricity, and mounting conditions produced measurable changes in torque response,
indicating that fixturing design, assembly procedures, and alignment verification must be treated as critical
elements of test system design rather than secondary considerations as shown in Figure 9. For miniaturized
hardware, geometric tolerances directly influence contact mechanics and frictional behavior, requiring
consistent and repeatable assembly workflows.

f

Figure 9. Evolution of the bearing test assembly based on lessons learned during system development.
(a) Initial configuration showing the bearing cartridge, spacer with O-ring, and encoder assembly. (b)
Intermediate configuration incorporating a spacer with magnetic coupling for improved alignment and

stability. (c) Final assembly with redesigned flexpivot mount, added flexible coupling, updated encoder

assembly, and new base plate to reduce misalignment and improve measurement repeatability.

The small-scale bearings also emphasized the importance of alignment control. Stable operation under
vacuum required careful consideration of structural compliance, thermal expansion, and mechanical
contraction effects to maintain measurement accuracy throughout testing. These observations highlight the
need for integrated mechanical and thermal design approaches when developing precision torque
measurement platforms.

From an applications perspective, the developed platform reduces risk in bearing design by enabling
realistic environmental testing at early technology readiness levels. The ability to directly quantify torque
ripple and wear-related behavior addresses two primary contributors to performance degradation in small
gimbal actuators and reaction wheels and supports future missions requiring high micro-pointing precision
(particularly for deep-space imaging systems and optically sensitive payloads). Future work will focus on
extending the platform to higher rotational speeds and longer-duration life testing while further refining
alignment control and thermal stability for next-generation miniature bearing applications.

Conclusions

A high-sensitivity torque measurement platform was developed and validated for characterization of
miniature rolling element bearings under representative aerospace operating conditions. The system
integrates high-vacuum capability, wide thermal range, and a flexible mechanical configuration to enable
direct measurement of micro- and macro-scale and torque behavior across a range of loads and lubrication
conditions. Validation testing demonstrated stable and repeatable torque measurements with sufficient
resolution to distinguish differences in bearing material response, lubrication state, and assembly
conditions.
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Dry testing at higher loads revealed significant torque variability driven by cage instability and transient
contact behavior, demonstrating the limitations of dry operation for meaningful characterization of miniature
bearings. In contrast, oil-lubricated testing provided stable torque response with minimal drift and reduced
ripple, confirming the importance of lubrication for isolating intrinsic rolling contact behavior under vacuum
conditions. Supporting inspection and noise measurements showed strong agreement with torque results
and further verified trends in wear, particle contamination, and material performance.

The developed platform provides a reliable capability for evaluating miniature bearings at early technology
readiness levels while reducing risk in space mechanism development. These results demonstrate the
importance of high-resolution torque measurement, precision alignment, and controlled environmental
testing for next-generation spacecraft mechanisms. Future work will extend testing to higher rotational
speeds, longer-duration life studies, different gaseous environments, cryogenic and high temperatures, and
additional bearing materials and lubrication systems relevant to advanced pointing and actuation
applications.
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