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Abstract

Bulk Metallic Glasses (BMGs), a class of amorphous metal alloys, were selected for development of gears
for unheated actuators that can be used in cryogenic environments such as Mars, the Moon, and outer
planetary icy bodies (e.g., Enceladus and Europa). Specifically, an alloy of CussZrssAlzBez was used to
successfully develop a BMG planetary gearbox and prototype and flight gearmotors for operation at <-
180°C., Components and configurations, testing (including shock and vibration), and qualification for use
in the Cold Operable Lunar Deployable (robotic) Arm (COLDArm) system are presented in addition to
lessons learned from all phases of development.

Introduction

Bulk metallic glasses (BMGs) are amorphous metal alloys that avoid crystallization when cooled rapidly
from the melt. The resulting properties of many of these alloys, e.g., high hardness, high strength, large
elastic strain limit, and low modulus of elasticity appear advantageous for gears. In 2011, during a NASA
Center Innovation Fund workshop, the connection of BMGs for gear applications was made and a goal
established to develop BMGs for reliable, torque-dense, extreme cold environment actuators that do not
require the use of heaters.

Actuators for use in extreme cold environments require heating of the gearboxes to maintain adequate
operating temperatures (> -55°C) for the lubricant to function and minimize wear to meet mission
requirements. Itis estimated that up to 30% of the budgeted daily discretionary energy of the Curiosity rover
is used for heating actuators. Initial development of BMGs for gear applications was through internal
research and development and the NASA Game Changing Development (GCD) program’s Advanced
Manufacturing Technology (AMT) portfolio project. Infusion was targeted at the follow-on rover to Curiosity;
however, a build-to-print approach for the new rover restricted the use of new technology in the actuator
system and development stalled when the project was closed.

BMG gear development quickly restarted as its own project in the GCD program when potential application
in a notional Europa Lander mission was identified. The concept had a robotic arm, would likely be severely
power constrained, and have limited life requirements. Subsequently, several notional missions from the
Decadal Survey [1] and the Moon to Mars initiative would likely benefit from actuators that can operate
unheated in similar conditions (<< -55°C) as they are also expected to be severely power constrained. With
unheated actuators, power previously needed for heating gearboxes can be reallocated to accomplishing
mission science objectives. Operation during the night becomes feasible and collection of volatile materials
that are susceptible to a material state change or loss through sublimation is more viable without heat from
the sampling system.

BMG alloy development and selection for gearing applications was previously described by Hofmann et al
[2]. This paper discusses the successful development history of BMG planetary gearboxes from the initial
proof-of-concept (PoC) design targeting infusion into a notional Europa lander, followed by a pivot to Lunar
applications with the design and testing of an Engineering Development Unit (EDU) that integrates the
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gearbox with a modified Commercial-Off-The-Shelf (COTS) motor, and finally to an Engineering Model
(EM)/Flight Model (FM) configuration that has been qualified and integrated into the COLDArm (Cold
Operable Lunar Deployable robotic Arm) EM and FM actuators. Gearbox and gearmotor testing and
gearmotor qualification for COLDArm has been completed and performance results from these tests as
well as lessons learned from all phases are presented. A description of the COLDArm system is previously
published [3].

BMG Planetary Gearbox Proof of Concept (PoC)

The PoC design for a BMG planetary gearbox leveraged requirements for a notional Europa lander robotic
sampling arm circa 2016 which would utilize actuators consisting of an encoder/brake/motor driving a
planetary gearbox which would drive a Harmonic gearbox, Figure 1.

Figure 1. Cartoon of notional (circa 2016) Europa lander robotic sampling arm actuator for which the
proof-of-concept BMG planetary gearbox was designed.

An alloy of CussZrasAlzBez was selected from the BMG alloy development work [2] for its combination of
hardness, strength, toughness, comparable spur gear mass loss due to wear in both air and vacuum, and
glass formability. Spur gear testing showed an unlubricated wear rate 65% less than C300 Maraging Steel
with this BMG alloy. A hybrid (BMG-steel) gearbox consisting of a commercially available single stage steel
gearbox modified with replacement (like-for-like) planet gears suction cast from the same BMG alloy and
lubricated with doped-MoS: dry film showed ambient input cycle life greater than 3x of that required for
Curiosity rover’s drive and steer actuators (approx. 15 million motor revolutions for 1x life). Additional testing
of the hybrid configuration at moderately higher contact stress, and cold cycling achieved 14.9 million motor
(input) revolutions (revs) with 3.4 million of those revs at temperature <-120°C. The spur gear and hybrid
gearbox test data were combined for a low confidence contact stress v. stress-cycles life model, Figure 2,
that was used for the initial design allowables in the design of the planetary gearbox for proof-of-concept.

A 3-stage configuration (Figure 3a) with a gear ratio of 5.5:1 for each stage (~166:1 total), an output torque
of 3 N-m, and an output speed of 1.5708 rad/s (15 rpm) was selected for the PoC design. Specific attention
was paid to maximize rolling contact and minimizing sliding contact for the final gear designs. To reduce
development costs, the same gear design and size was used for each of the three planet stages. This
resulted in an apparent oversizing of the input and middle stages. A factor of three was held on the target
input life to comply with typical JPL mechanism design practice, and an additional minimum margin was
held on the system given the immaturity of the initial design allowables. The gear design inputs and resulting
outputs are summarized in Tables 1 and 2, respectively. Planet bearings were used, as opposed to
bushings, to allow for rolling contact, and caged needle roller bearings were chosen in this case to achieve
the lowest practical contact stresses.
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Figure 2. Contact stress v. stress cycles life model that was used in the PoC planetary gearbox design
developed from spur gear and BMG-steel hybrid planetary gearbox tests. The contact interfaces in the
spur gear test were unlubricated BMG-BMG. In hybrid gearbox testing they were doped-MoS; dry film
lubricated BMG-Steel.

Table 1: BMG Planetary Gearbox Proof of Concept (PoC) Design Inputs

Design Inputs Units Value
Output Torque N-m (in-1bf) 3(27)
Assumed Stage Efficiency - 0.95
Total Gear Ratio - 166.4
Design Input Life .

(including 3x life test factor) Revolutions (revs) 3,000,000
Design Output Life Revolutions (revs) 18, 032

(including 3x life test factor)

Table 2: BMG Planetary Gearbox Proof of Concept (PoC) Design Outputs

Design Outputs Units Stage 1 Stage 2 Stage 3
Stage Ratio - 5.5 5.5 5.5
Input Torque N-m (in-Ibf) 0.0215 (0.19) 0.0644 (0.57) 0.5740 (5.08)
# of Planet Gears - 4 4 4

Mesh Load Factor - 1.32 1.32 1.32
Torque per Gear N-m (in-Ibf) 0.0068 (0.06) 0.0362 (0.32) 0.1898 (1.68)
Diametral Pitch - 96 96 96

# of Ring Teeth - 108 108 108

# of Sun Teeth - 24 24 24

# of Planet Teeth - 41 41 41
Face Width cm (in) 0.6985 (0.275) 0.6985 (0.275) | 0.6985 (0.275)
Pressure Angle deg 20 20 20
gf:S'SEq”'Va'e”t Contact kPa 1349235 308409.4 701438.1
(No Additional Rating Factors) (psi) (19,569) (44,731) (101,735)
Input Cycles - 3,000,000 545,455 99,174
Sun-Gear Stress Cycles - 9,818,182 1,785,124 324,568
Expected Stress-Cycle Life ; 252,959,288 51,702,151 1,417,035
Capability

Expected Life Margin i o5 o8 3

(at Time of Design)
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BMG gear components, Figure 3b, were fabricated using a modified injection molding process at Visser
Precision (Denver, CO) and subsequently dry film lubricated (DFL) with Ni and Au/Sb doped MoS: for
comparative performance testing. At the time of fabrication, manufacturing capability limited component
mass to <100 g, including gates and runners, and a critical casting thickness (a value related to the size of
part that can be produced in the amorphous state) of ~5 mm. In this design, the ring gear was at the edge
of existing manufacturing capability. Integration of the gearbox is accomplished with carbon steel needles
in a glass reinforced polyimide cage as planet gear bearings. These rotate on 3Y-TZP (zirconia) ceramic
axles that are constrained in Ti6AI4V planet carriers with 3M 2216 Gray epoxy adhesive. (The 1st and 2
stage planet carriers are overmolded with BMG alloy pinions while the 3™ stage (output) is Ti6AI4V.) The
input and output housings are also Ti6Al4V while the input shaft is stainless steel. A SizsN4 ball is used to
limit axial motion between the motor and gearbox while a crowned surface on the face of the 24 and 3™
stage sun gears achieves a similar function. Input and output bearings are 3Y-TZP ceramic balls and races
with PTFE cages and shields. The gearbox assembly (Figure 3c) mass is ~278 g.

Figure 3. (a) Exploded views of the PoC gearbox design in cross-section and solid body. (b)
Commercially fabricated BMG gear components (CW from left): overmolded planet gear carriers,
ring gear, planet gears, pinion gear; (c) Assembled 3-stage, dry film lubricated BMG-based ~166:1
planetary gearbox.
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Overmolding of the BMG alloy onto the Ti6Al4V planet carrier (Figure 4a) to form the pinion (Figure 4b)
does not require in any metallurgical joining of the materials. Instead, the BMG alloy is mechanically locked
to the planet carrier using a stub with retention and constraining features. The box shape of the stub
minimizes rotational movement and the radial undercut below the stub retains and minimizes axial
movement of the overmolded pinion. This design is not without challenges. The overmolding process can
produce voids that are readily observable in x-ray computed tomography (CT), Figure 4c. The face of the
overmolded pinion is also an axial thrust contact surface that can degrade and be a source of debris,
particularly if the surface is decorated with voids from the overmolding process. Fabricating the planet
carrier pinion separately from planet carrier and assembling it as a unit is a viable alternative, but care must
be taken to account for thermal expansion mismatch, to hold the pinion angularly and axially, and to control
the thrust contact surface.

Figure 4. (a) Cartoon of a planet gear carrier showing the box shape of the overmolded pinion gear
retention stub constraining rotational movement and the undercut constraining axial movement; (b)
Cartoon of overmolded sun gear on machined carrier. (c) X-ray CT image of the BMG pinion gear
overmolded on the retention feature of the planet gear carrier. The asymmetry in the image is due to
the location from which the CT image slice was taken from the CT image volume.

While direct casting (or injection molding) of the BMG gear components promised advantages of lower cost
production and consistent component quality, tooling cost was substantial with significant lead time for
tooling and fabrication (~18 months to deliver the ring, planet, and pinion gears and overmolded planet
carriers in sufficient quantity to assemble 10 gearboxes). Component quality was reflective of the quality of
the tooling and detailed understanding of component shrinkage in processing. Where 12.7 um tolerance
was expected 25.4 to 38.1 um was commonly observed. With that understanding, test articles of the PoC
design were assembled and life tested. Manufacturing improvements such as casting of blanks for
subsequent precision gear grinding are introduced later.

Life testing was performed using the Space Environment Dynamometer (SED) at NASA KSC [4]. This test
bed allows testing in air, under vacuum, and at various temperatures including cryogenic temperatures.
One test article, SNO04 (unlubricated) was tested at an output torque of 2.5 N-m in air and vacuum. In air,
the test article ran at 104.72 rad/s (1000 rpm) input velocity for ~1.8M clockwise (CW) input revolutions
(revs). In vacuum, the test article ran at 31.416 rad/s (300 rpm) input velocity for ~1.4M counterclockwise
(CCW) input revs for a total of 3.2M input revs. The rotational direction change from CW to CCW was made
when a temperature rise was observed from thermocouples attached to the surface of the ring gear.
Operation under vacuum was done to coarsely evaluate performance in air compared to vacuum while the
slower speed was selected to minimize self-heating.

Three test articles, SNOO1 (M0S2:Au/Sb203 sputtered DFL), SN002 (MoS2:Ni sputtered DFL), and SN0O03

(unlubricated) were tested to failure with ~60k input revs of ambient operation at 104.72 rad/s (1000 rpm)
under load followed by cryo (< 100 Kelvin) operation at 104.72 rad/s (1000 rpm) for ~400k input revolutions
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at ~3.0 N-m (Figure 5), ~315k input revs at ~2.5 N-m, and ~244k input revs at ~3.0 N-m, respectively. Figure
5 shows the input and output torque and temperature data for the BMG planetary gearbox with Au/Sb203
doped MoS: dry film lubricated gears. An increase in input torque can be seen between ambient and cold
operation. Both a rise in temperature and further increase in input torque are observed near end of life.

Figure 5. Torque and temperature data a BMG planetary gearbox with Au/Sb,O3 doped MoS; dry film
lubricant run to failure after ~475k input revs.

Disassembly of the tested gearboxes revealed wear through of the DFL and progressive wear of the BMG
base material in the gear teeth. Significant debris was present in the gearbox; however, there was no
catastrophic failure observed for any of the gear teeth.

BMG Planetary Gearmotor Engineering Development Unit (EDU)

The design of the EDU, Figure 6, swaps out the stainless-steel input shaft for a modified COTS EC 32 flat
Maxon motor. Cryo-capability with this motor was demonstrated after modification with dry ceramic bearing
bearings similar to those used in the input and output of the gearbox. The DFL used on the gears was also
changed from doped MoS: to Tribologix iKote. To improve the dimensional quality and surface finish of
some of the gear components, the pinion and planet gears were reworked by precision gear grinding at
Forest City Gear (Roscoe, IL). The geometry of the ring gear and overmolded planet carrier prohibited
similar rework of those components.
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Figure 6. BMG Planetary Gearmotor EDU consisting of a COTS size 32 Maxon motor integrated with the
166:1 PoC design BMG planetary gearbox.

BMGs have limited ductility (~1%). To demonstrate sufficient BMG alloy toughness and robustness of the
design, the gearmotor was subjected to dynamic testing (shock and random vibration). Pyroshock and
launch vibration qualification test levels from Mars 2020's Sample Caching System (SCS) were selected
for the EDU shock and random vibration test levels. Testing took place in JPL’s Environmental Testing
Laboratory using the Tunable Beam for shock (Figure 7a) and a small shaker for random vibration (Figure
7b). For shock testing each of three axes were shocked twice. Functional tests performed before and after
shock tests showed no discernable change in performance and no damage was noted. The same test
article used for the shock test was used for vibration testing. For vibration testing each of three axes was
exposed for two minutes. A low-level signature survey was performed before and after the full-level random
vibration tests. Some variation, typical of actuator mechanisms similarly tested, was noted for Y- and Z-
axes. No structural or mechanical failure was indicated in the signature survey results. The BMG Actuator
was functionally tested initially and after the final axis of full-level random vibration testing. Motor current
change from 27 mA prior to testing to 30 mA after testing was deemed acceptable. Subjectively, there was
no discernable change in the acoustic characteristics of the operating actuator.

Figure 7. (a) EDU actuator mounted for shock testing on the tunable beam. (b) EDU actuator mounted for
random vibration testing on the small shaker. (c) EDU actuator operational in LN2 after dynamic testing.
(d) EDU actuator operational after dynamic testing and removal from LN2.

Following shock and vibration testing, cold start capability and operation was demonstrated using the same
test article. The gearmotor was submerged in liquid nitrogen (LN2) until all boiling stopped. The motor was
reconnected to the controller and the gearmotor operated under no load in LN2 for ~1 minute (Figure 7c).
The gearmotor was removed from the LN2 and operated in air under no load while warming to ambient
(Figure 7d). There was no noticeable qualitative change in performance.

To further demonstrate robustness and cold capability of the EDU “cryo-shock” testing was also performed

using the same test article as used for shock and random vibration testing. Pyroshock qualification test
levels from Mars 2020's Sample Caching System (SCS) were again selected and used for the cryo-shock
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test levels. Testing took place in JPL’s Environmental Testing Laboratory using the Tunable Beam for shock
(Figure 8b). The test article was shrouded by a “bucket” (Figure 8a) that allowed the test article to be cooled
with LN2 until the LN2 stopped boiling (Figure 8c). A plug was removed allowing LN2 to drain from the
bucket and the shock test run while the test article temperature was <-180°C. For shock testing each of
three axes were shocked twice. Functional tests performed before and after shock tests showed no
discernable change in performance and no damage was noted.

Figure 8. (a) Cryo-shock test fixture design for (b) shock testing on JPL’s tunable beam. (c) A “bucket” is
mounted over the test article enabling conditioning of the test article with LN, to the test temperature (< -
180°C) and draining of the LN2 just prior to a shock test.

Life Testing
The Cold Operable Lunar Deployable (robotic) Arm (COLDArm) [3] was conceived as a technology

demonstration mission during preparation for life testing of the EDU. A programmatic pivot was made to
focus gearmotor development on infusion into the COLDArm system’s actuators. COLDArm’s baseline
architecture utilizes a 50:1 size 20 strain wave drive at the output of each of the four actuators in the robotic
arm. These drives are driven by a BMG planetary gearmotor. Life testing of the EDU utilized a notional
input torque to the strain wave drive of 1 N-m as the output torque for both ambient and cold testing.

Life testing of the EDU was performed using the Space Environment Dynamometer (SED) at NASA KSC
[4]. Two similarly configured test articles, both with gears dry film lubricated with Tribologix’s iKote, were
tested to failure. The first test was performed under vacuum at ambient temperature and the second test
was performed under cryogenic conditions under vacuum at a temperature of <100K. For both tests the
motor speed was 209.44 rad/s (2000 rpm), the output torque was 1 N-m, and forward-reverse duty cycled
every 2000 revs. 10M motor revs were achieved at ambient temperature while 1.5M motor revs were
achieved at < -180°C. Both tests stopped when motor stalling was observed. The rate of performance
degradation is seen in the plot of the moving average efficiency (Figure 9) for both tested gearmotors.
Disassembly revealed wear debris and debris migration into the output bearing assembly.
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Figure 9. Ambient and cryo (-180 °C) test data showing gear efficiency as a function of motor revolutions
for EDU planetary gearmotors.

BMG Planetary Gearmotor Engineering Model/Flight Model (EM/FM)

Engineering Model (EM)/Flight Model (FM) BMG planetary gearmotors (Figure 10) were developed from
the EDU to further meet COLDArm [3] requirements. This included a ground test demonstration of capability
to meet 3x life requirements at ambient (presumed 25°C) and -180°C, and a notional mission operations
temperature of -100°C. For the EM/FM units, a flight-qualified Maxon motor with magnetic detents [5] was
selected. Testing of the Hall sensors used in these motors revealed a loss of functionality at temperatures
<-130°C. Commercially available Infineon Hall sensors were found to function at temperatures <-180°C.
These components were selected, parts screened for functionality to -180 °C, and provided for modification
of the motor. The motor was also modified by Maxon with dry lubricated motor bearings for cryogenic
operation.

Maintaining the necessary precision in the cast/injection molded parts was challenging for the PoC
gearboxes and EDU gearmotors. For the EM/FM units, amorphous blanks were fabricated for the ring,
planet, and pinion gears at Visser Precision (Denver, CO) from CussZrs3AlzBe7 feedstock produced by
Materion (Elmore, OH). (BMG feedstock manufacturing has since been licensed and transferred by
Materion to Eutectix, Tolleson, AZ.) Forest City Gear (Roscoe, IL) ground the planet and pinion gears to
specification. The ring gear tooth profile was fabricated by wire electrical discharge machining (EDM).
Recast from the wire EDM process was removed using a finishing process at Microtek. The gear teeth of
the overmolded pinion are produced to net shape as part of the overmolding process, so it can be
challenging to achieve the same precision when compared to directly grinding the gear teeth. Tribologix
iKote DFL was applied to the gears.
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Figure 10. BMG planetary gearmotor in the EM/FM configuration. Note D-shaped output shaft and
hexagonal bolt patterns for increasing the robustness of the interfaces.

Initial testing of the EM/FM configuration exhibited anomalous behavior and premature failure during
ambient run-in (Figure 11a). A planet gear in the 1%t stage was jammed (Figure 11b) by the buildup of
material between the planet gear shim and the planet carrier (Figure 11c). Investigations using optical
microscopy and x-ray computed tomography (CT) revealed the presence of microscopic burrs on the planet
gears (Figure 11d) and planet gear shims as well as small voids in some planet gears in the root near the
surface (Figure 11e), all of which could have liberated material and caused the anomaly. Ultimately, the
planet gears were deburred and screened for voids using CT, and after changing the shim material, the
shims were electropolished and lubricated with Tiolube 1175. Run-in was successful after this rework. No
debris was observed after disassembly and inspection. Qualification testing began following reassembly.

Figure 11. (a) Plot of output torque and motor current from ambient gearmotor run-in at the beginning of
testing with occurrence of anomaly indicated after ~40,000 motor revs. (b) Stuck gear in the 1t stage
planet carrier assembly. (c) Noticeable debris at the edge of the gear shim. (d) Optical image of burrs on
the planet gears prior to use. (e) X-ray CT image of the 15 stage planet gear assembly showing a planet
gear with a void just below a tooth root next to the stuck gear.
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Qualification Testing

Output torques and cycles in revolutions (revs) for qualification testing (Table 3) of the EM/FM configuration
for COLDArm were established from actual input torques measured during strain wave gear life testing.
Rotational direction was changed every 50 output revolutions, equivalent to the input for 1 strain wave gear
output revolution. Output torque was increased after 3x life through 5x life to represent degradation in strain
wave gear efficiency as observed during strain wave gear life testing. After 5x life the gearmotor was
operated at 2.2 N-m of output torque until failure.

Table 3. 1x Planetary Gearmotor Output Torque and Life Requirements

Strain Wave

Output Torque 0-10 10-20 20-30 30-40 40-50 50-60
Bins (N-m)

Planetary

Gearmotor revs N-m Jrevs | Nm Jrevs | NNm Jrevs | NNm Jrevs | N-m f revs | N‘m
Output

revs | Torque

-180°C 125 0.68 0 - 0 - 25 | 1.95 0 - 0 -
-100°C 241 064 70 | 1.00 5 1.3 0 - 0 - 5 2.5
25°C 2318 | 0.43 ] 414 | 0.68 ] 269 | 0.91 J 353 | 1.23 | 455 | 1.55 ] 618 | 1.95

The qualification test article, modified with deburred and screened planet gears and electropolished and
lubricated shims, was successfully tested (Figure 12) demonstrating 3x COLDArm life requirements for
ambient ground test, -180°C ground chamber test, and -100°C (notional mission), additional cycles
demonstrating capability for degraded Harmonic performance, and continuous output to failure at -180°C.
This qualified the design for COLDArm with ~5,269,000 total motor revs of flight-like usage.

Figure 12. Qualification life test results of the EM/FM planetary gearmotor for COLDArm. plot color scaled
with gearbox temperature with yellow being warmer and dark blue being colder. Absolute values shown.
Data hidden during velocity transitions.

This unit was disassembled to assess the cause of failure (Figure 13). Fine debris was present in the input

stage, and the dry lubricant was discolored and/or removed, but that gearing showed only minor signs of
wear. Wear was more prevalent on the 2" and 3 (output) stages of the gearbox, as well as gear tooth
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fracture in both stages. The causality of the wear & debris v. the tooth fracture is not currently well
understood. The initial degradation in performance seems to align with the system being brought to its
highest output torque (~3.54 N-m), at around 4.4M revs (during the extended life portion of the test),
suggesting that this event may have triggered a fracture that cascaded into other fractures and wear. This
is notably different from end-of-life failures seen in early developmental units where planetary gears wore
out due to abrasive wear, without signs of fracture. It is theorized that differences in processing and/or the
inclusion of foreign elements in the metallic glass may have led to some level of embrittlement in these
gears. An activity is being conducted in parallel to this effort to assess manufacturing variability and
establish design allowables for mechanical properties.

Figure 13. Post-test inspection images of COLDArm life test unit. 1st, 2", and 3™ stages are shown left to
right. Gear tooth fracture is observable in the 2" and 3 stages.

An additional test was conducted on a second developmental/qualification unit, where the resistive torque
was held at a semi-constant 1 N-m, while the direction of rotation was alternated, and temperature was
cycled between room temperature and -180°C. Rather than following a “flight-like” profile, this constant
torque test was seen as a better way to characterize the design capability of the system. This test achieved
9M motor revs before performance began to degrade and the test was ultimately stopped. This test data is
shown in Figure 14. A second constant-torque test is planned at a higher level of torque to help inform the
change in life as a function of load.

118



Figure 14. Life test results of the test planetary gearmotor at semi-continuous torque. Plot color scaled
with gearbox temperature with yellow being warmer and dark blue being colder. Absolute values shown.
Data hidden during velocity transitions.

Lesson Learned and Extensibility to Other Applications

For reliable, torque-dense, extreme cold environment actuators that do not require the use of heaters, BMG
gears are not a panacea. They are a solution to one problem in a set of problems that make up the system
design challenge. Motors, bearings, seals are just a few of “all the other things” that need to be considered.
For the BMG planetary gearmotor presented here, a COTS motor only required limited modification (a
bearing swap to a ceramic bearing) to function as required for the EDU. This and the Hall sensor knowledge
helped Maxon make informed modifications to the heritage motors for the EM/FM configuration. An increase
in motor current at cold was observed. The source of this change is still unclear but could be related to
magnetic property change in the motor, over-preloaded bearings, or some other cause. 3Y-TZP ceramic
bearings with PTFE cages for the input and output bearing were shown to be capable in shock and vibe
and function without apparent degradation at cryogenic temperature. Especially considering that any debris
which is generated within the gearbox is not going to get “trapped” by lube, careful attention should be given
to sealing the bearings and/or creating tortuous pathways to protect the bearings from this debris, potentially
more so than typical for a wet lubricated system.

Precision component lead time can be substantial and BMG gear components were not immune.
Acquisition of master alloy, tool design and fabrication, component fabrication, post processing by grinding
or wire EDM, surface prep such as recast removal by microfinishing, and dry film lubricant application all
contribute to lead time. Visual and dimensional inspection of components and non-destructive evaluation
(NDE) by X-ray CT for internal defects such as voids are also contributors to lead time. Further, it is
important that the inspections are performed prior to dry lubrication to most easily allow rework and limit
handling of the dry lubricated parts.

Continued maturation of the manufacturing process by commercial suppliers should help improve the lead
time and component quality. Similarly, capability to fabricate components larger than those in the BMG
planetary gearmotor presented here is expected from the BMG component supplier base. While there is a
theoretical limit to BMG component size resulting from the chemistry of the alloy, there is room in the
available commercial processes for practical improvements that increase the component size and mass
that can be manufactured. That stated, an alternative to an all-BMG gear component gearmotor is a hybrid
configuration that utilizes a mix of BMG and steel gears. Such a hybrid configuration was mentioned in the
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PoC gearbox development section and is an approach to overcome BMG gear component size
manufacturing limitations, particularly when considering the ring gear. There is also some limited evidence
that that this configuration of dis-similar materials at the gear interface may improve total life. This hybrid
approach was taken by Motiv Space Systems in developing the DEEDS (Distributed Extreme Environments
Drive System) actuator developed under the Small Business Innovation Research (SBIR) program [6].

Conclusions

A BMG-based, unheated planetary gearbox was conceived and successfully developed into an EM/FM
gearmotor configuration with performance qualified for COLDArm’s robotic arm actuators. BMG gear
components are long lead items that may require additional processing such as gear grinding to achieve
the high precision necessary. BMG gear component sizing, i.e., the largest component size that can be
practically produced, is limited not only by the chemistry of the alloy but also by the capability of the
manufacturer. Hybrid configurations with steel-BMG gear interfaces can overcome near term process
limitations. BMG gear components are not necessarily the most challenging aspect of unheated planetary
gearboxes. Motor and bearing selection and designing for debris management, i.e., keeping wear debris
out of bearings, are very important. Component quality, including that of seemingly benign parts like shims,
can have a profound negative impact on performance.
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