Development of Strain Wave Gearing lubrication for the Steering Unit
for the Manned Pressurized Rover

Jun'ichi Kurogi*, Yoshihide Kiyosawa*, Masaru Kobayashi*, Takuya Akasaka *
Hiroyuki Toyoda**, Shoichi Shono**,
Shingo Obara*, Koji Matsumoto* and Nobuo Kenmochi*

Abstract

There is development underway to use Strain Wave Gearing (SWG) as a reduction gear for the steering
unit of the manned pressurized rover. SWG has been used in various space equipment in the past, including
the Apollo LRV, but its applications are sometimes limited by the lifespan of lubrication. This paper
describes the reserch done to extend the life of SWG by using dry lubrication and powder, and the results
that were acheived.

Introduction

The steering unit of the manned pressurized rover, which is necessary for manned exploration activities on
the lunar surface, is an important functional component of the rover that must operate in a harsh space
environment (vacuum, -170 to 120°C). To achieve the compact size, light weight, and low power
consumption required for the steering unit, a dry lubricant was applied to the gear. This would eliminate the
need for a heater, which was previously required when using grease at low temperatures, and would ensure
output (efficiency) at low temperatures. Furthermore, testing was focused on the low operating temperature
of -60°C, which is the limit of the test equipment. The performance evaluations were conducted over a
range of -60°C to +100°C.

Steering Unit

The steering unit that was evaluated is responsible for steering the wheels of the manned pressurized rover,
as shown in Figure 1. SWG was selected as the reducer to be used in the steering unit (Figure 2). The
reason for selecting SWG are its frequent use/heritage in space applications, it is inherently lightweight and
compact and it offers high reduction ratios that allow a smaller motor to be used, resulting in lower weight
and lower power consumption. In this case, in order to achieve even an even higher reduction ratio, a two-
stage architecture with a planetary gear pre-stage was adopted. The overall size was minimized by making
the planetary gear a part of the wave generator (hereinafter referred to as W/G). Table 1 shows the
specifications of the reducer (the structure of the two-stage gearhead will be described later).

Next, we will discuss the expected load torque while driving. Conventionally, in space applications, due to
the difficulty of lubrication in a vacuum, the design load is significantly lower than the rated specifications
for use on the ground. However, in this case, there are severe restrictions on the mass and size of the
steering unit as well as power requirements. Thus by using dry lubrication, the heater can be eliminated,
reducing the size while also satisfying durability requirements even under extremely high load torque
conditions compared to conventional space applications. The steering unit was developed with this goal in
mind.
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This development aimed to achieve long life in a thermal vacuum using a dry lubrication. This is a difficult
requirement for a SWG operating under high load conditions (close to the rated torque of the gear), and

has little known precedence for space applications.

Figure 1. Position of Steering Unit

Figure 2. SWG components
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Figure 3. Structure of SWG
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Table 1. Specification of SWG
1/300 (two-stage reduction)

Reduction Ratio 1St Stage : Planetary Gear 1/3
2nd Stage : SWG 1/100

Rated Torque 265 N-m

Repeated Peak Torque 568 N-m

Mainly stainless steel

Material of component parts Some bearing steel, resin and ceramic balls (SizsNa4)

Loaded conditions during Average Loaded Torque : 179 N-m

driving Maximum Loaded Torque : 500 N-m

Lubrication Specifications and Test Unit

When using grease as a lubricant in the space environment, a heater is usually used at low temperatures
near or below the pour point. However, assuming a mission with a travel distance of 10,000 km, we aimed
to save energy by reducing power consumption and weight, and investigated the effects of applying dry
lubricants.

It is known that dry lubricant used with a SWG has a short lifespan because after the dry lubricant wears
out, abrasive wear will continue unless lubricant is supplied to the contact parts [1]. Therefore, the use of
dry lubricant with SWG has been very limited.

To address this issue, in addition to treating the SWG with a dry lubricant coating, MoS:2 powder was used
as the lubricant introduced to the contacting parts. However, if a large amount of MoS2 powder enters the
bearing all at once, it may lock up, so the powder must be supplied little by little. As a mechanism for
supplying the appropriate amount of MoS: powder, a bag (powder bag) containing MoS: powder was used
inside the SWG (see Figure 4). This powder bag is made of coarse PTFE cloth and formed into a bag shape
using PTFE thread. Its purpose is to discharge MoS2 powder little by little and supply it to the contacting
areas. In addition, a part called a lift cone (see Figure 4) rotates in synchronization with the motor shaft,
and the ejected powder collides with this lift cone, which prevents large amounts of MoS: from suddenly
entering the bearing and contacting parts even under vacuum. The device is designed to supply MoS:2
powder to the parts. By using these measures, we aimed to extend the life of SWG with dry lubrication.
Furthermore, to prevent the MoS2 powder discharged from the powder bag from flowing out of the steering
unit, PTFE felt is placed on the sliding part as a seal.

Figure 4. Powder Bags Mounting Position
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For comparison, a test SWG with grease lubrication was prepared. The grease used was Spacelube MU
(Kyodo Yushi Co., Ltd.), which has a hydrocarbon-based multi-alkylated cyclopentane (MAC) oil as its base
oil. The specifications of both lubricants are shown below.

1. Solid lubrication specification

Tooth surface and sliding part surface: MoS2 shot peening

W/G: MoS: shot peening for the raceway, SisN4 for the ball, and PAI material for the retainer.
Support bearing: Replaced the ball with SisN4 and the retainer with PAlI material.
Pre-treatment of MoS: is carried out on the planetary needle.

Aging was performed to transfer MoSz powder to the contact area before testing.

2. Grease lubrication specifications

Grease name: Space Lube MU (Kyodo Yushi Co., Ltd.)

Amount applied: Approx. 12g [2] *Calculated by volume ratio from literature
Application location: Each contact area (see Figure 5)

No lift cone used

Figure 5. Specimen Lubricated with Grease (Before Assembly)
Test Conditions

The test conditions are shown in Table 2 for the environmental temperature, Tables 3 and 4 for the operating
conditions, and Table 5 for the test items.

The test environment temperature was set as normal temperature, low temperature, and high
temperature. Test time percentages were 20%, 50%, and 30%, respectively. The low temperature was
set at -60°C (the maximum capacity of the equipment) for the dry lubrication test specification, and -40°C
for the grease lubrication test specification, the lower limit of the grease operating temperature. In
addition, the high temperature was set at 100°C for the dry lubrication test specification in consideration
of the tempering temperature of the bearing steel used in some components, and 80°C for the grease
lubrication test specification, which is the standard operating temperature range for general vacuum liquid
lubricants (see Table 2).

The operating conditions are performance guaranteed durability™? and function guaranteed durability™?,
respectively, including rough road driving conditions (described as "bad road driving" in the table), normal
driving conditions (described as "normal driving" in the table), and maximum operating conditions. The load
mode (described as “maximum load” in the table) was set. Tables 3 and 4 show each operating condition.

*1 performance guaranteed durability refers to the number of operations while maintaining performance.
*2 Function guaranteed durability refers to the number of operations after the performance guaranteed
durability regardless of the performance.
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Table 5 summarizes the tests performed based on the above conditions. Tests were conducted in order
from the top of the table, and the total test time was 631.8 hours. Evaluations were made by measuring
performance at the beginning, during, and after each test. The performance measurement items are as

follows.

1.

2.

Efficiency: Measured efficiency at input speeds of 150, 600, and 1500 RPM and load torque up to
500 N m in CW and CCW.

No Load Running Torque (NLRT): Measure the input torque at an input rotation speed of 1500
RPM in CW and CCW.

Temperature: Measure the temperature of the base, test unit, and housing using the base-plate
temperature of the vacuum chamber as the environmental temperature.

Lost motion (LM): With the input fixed, a light load is applied to the output shaft and the amount of
twist is measured.

Torsional rigidity: With the input fixed, a load of up to +500N - m is applied to the output shaft and
the stiffness is measured.

Table 2. Test environment temperature

- . Temperature setting
Durability type Environment Solid Grease
¢ Normal 20°C 20°C
High 100°C 80°C

ional Normal 20°C 20°C
cunctional Low 60°C 40°C
High 100°C 80°C

Table 3. Operating condition: Performance Guarantee Durability™

Driving Mode Operating conditions
Operating angle : 4 deg
Output torque : £23.9~170 N-m
Operating angle : +3~15 deg
Output torque : 33.5 N-‘m

Bad road driving

Normal driving

Operating angle : £15 deg
Output torque : 500 N-m

Maximum load

Table 4. Operating condition: Functional Guarantee Durability*

Driving Mode Operating conditions
Operating angle : 0 deg
Output torque : 108 N-m

Bad road driving

Operating angle : +3~15 deg

Normal driving
Output torque : 33.5 N-‘m

Operating angle : +15 deg
Output torque : 500 N-m

Maximum load
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Table 5. Summary of test items (Total test time - 631.8h)

Mode

Durability type Environment Bad — Normal — Maximum
road Load
Performance Normal 72.0h— 11.3h — 2.3h
Guarantee Low 180.0h — 28.3h — 5.8h
(428.1h) High 108.0h - 17.0h — 3.5h
Functional Normal 8.3h— 36.8h— 2.3h
Guarantee Low 0.0h— 91.9h—> 5.8h
(203.7h) High 0.0h— 55.1h— 3.5h

Test Equipment

The test apparatus consisted of a housing with the test unit inside a vacuum chamber, a motor for input

and a direct drive motor for load outside the vacuum chamber. The test apparatus is shown in Figure 6,
and its installation is shown in Figure 7 and 8.

Figure 6. Configuration of the test equipment

Figure 7. Test equipment (output side) Figure 8. Specimen enclosed in

copper plate
Test Results

Durability Test and Performance Measurement

The solid lubrication specimen completed the performance guarantee test and was stopped when the
running torque and temperature increased after the normal running mode at room temperature in the
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functional guarantee test. The elapsed time was 473.2 hours. The grease-lubricated specimen completed
the entire run (631.8 h).

Figure 9 (a) and (b) show the changes in efficiency vs. temperature over the life of the test. The horizontal
axis shows the elapsed time, and the vertical axis shows the efficiency and temperature of the test unit.

It can be seen that the efficiency of the dry lubricated test unit was less affected by temperature than the
grease lubricated test unit (the red arrow in each figure represents the change in efficiency), and the dry
lubricated test unit maintained a high level of efficiency up to 425 h of elapsed time.

The dry lubricated test unit showed a decrease in efficiency (from 79.0 to 54.2%), an increase in running
torque, and a rise in temperature after the maximum load mode (elapsed time 428h) at the performance
guarantee high temperature. However, since the performance guarantee, which was the initial target, was
met, it was decided to continue the test until the reduction gear was damaged, and the test was shifted to
the function guarantee normal temperature and continued. After the assumed normal running condition at
the guaranteed function temperature (473.2 h), the running torque and temperature increased and an
abnormal noise was observed, so the test was stopped to investigate.

In comparison, the grease-lubricated test unit completed the entire process (631.8 h). It should be noted
that although the low temperature was set to -40°C, which is warmer than the condition of the dry
lubrication test unit, the efficiency at the start of the low temperature test was low (37% at the
performance guarantee and 36.5% at the function guarantee) and the running torque was high, and the
efficiency improved as the temperature increased after the machine started running. The results showed
that the characteristics of grease lubrication, which are affected by temperature, were well represented.

Figure 9(a). Elapsed time and efficiency - Solid lubrication -

Figure 9(b). Elapsed time and efficiency - Grease lubrication -

Investigation of the Test Units
It was found that both test units were exposed to a common defect of the test equipment. The problem was
radial play of the input shaft, which transmits the motor rotation from outside the vacuum chamber. This
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radial play was found to be due to wear of the bearing track on the motor side of the bearing that supports
the input shaft in the housing, shown in Figure 10.

Table 6 shows the parts of the planetary gear and Table 7 shows the parts of the SWG. In the dry lubrication
test unit, the fixing bolt of the sun gear was found to be loose, and slight wear was observed on the tooth
flanks of the planetary section at the tooth tips. The needle bearing surfaces were rough and worn. In
contrast, in the grease-lubricated test unit, although oil content remained, wear on the tooth flanks was
more advanced than in the dry-lubricated version. However, the needle bearings were not worn.

Next, the condition of the powder bag used for the dry lubrication specification was examined (see Figure
11). The powder was found to be discharged into the F/S cup, and the amount was measured and found
to be almost exclusively from the powder bag attached to the lift cone (see Figure 12). The MoSz powder

that had been discharged from the bag had an iron powder concentration of 10% by weight and was
therefore believed to contain wear debris.

Figure 10. Input shaft support bearing failure

Table 6. Condition of planetary gear parts
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Table 7. Condition of SWG parts

Figure 11. Inside view of F/S Figure 12. Powder bags
attached to the lift cone

Conclusions

Based on the results of the investigation, the cause of this failure is believed to be the misalignment of the
input shaft due to wear of the input shaft support bearing on the equipment side. In particular, the fixing bolt
of the sun gear was loose in the dry lubrication test unit. This is believed to be due to the effect of the sun
gear pivoting movement (precessional movement) caused by the tilt of the input shaft. This precession also
occurred in the grease test unit, and as with dry lubrication, it is assumed that the running torque increased
due to wear on the planetary gear and internal gear tooth flanks and the intrusion of wear particles into
various parts. Countermeasures include increasing the size of the support bearing and extending the
distance between the support bearings.

It is noteworthy that the W/G was smoothly disengaged despite the fact that abrasive wear was observed
at the mating area between the W/G and F/S bore in the dry lubrication test unit as shown in Table 7.
Normally, when abrasive wear occurs, it is difficult to remove the W/G from the F/S (as was the case with
the grease-lubricated test unit), and scratches are created (see Table 7), but in the dry-lubricated test unit,
the aggregation and transfer of MoS2 powder were observed in the contacting area between the W/G and
F/S, suggesting that the contacting area was lubricated even though abrasive wear occurred due to the
effect of the MoS2 powder. It is believed that the MoS2 powder was effective in lubricating the mating parts
even though abrasive wear occurred.

The performance was improved after shifting from rough road running to normal running and was a common
observation with both test units. This may be due to the fact that the input rotational speed was higher and
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the operating angle was larger under normal running conditions than under rough road running conditions,
which resulted in more lubricant being applied to the contacting areas. Future testing will be conducted
under more realistic driving conditions, including rough road, normal, and maximum load.

As a comparison between dry lubrication and grease lubrication, Figure 13 shows the temperature of the
test unit on the horizontal axis and the efficiency on the vertical axis. The test results show that the dry-
lubricated test unit (blue data) is less temperature- and speed-dependent than the grease-lubricated test
unit (orange data).

A graph comparing the results of this test with past vacuum environment tests [1] [2] of SWG is shown in
Figure 14. The horizontal axis shows the ratio of the rated torque to the average load torque during the test,
and the vertical axis shows the total number of W/G revolutions. The black data shows the results of
overseas tests using dry lubrication and the orange data shows the results of domestic tests using grease
lubrication, with the dry lubricated test unit shown in light blue and the grease lubricated test unit shown in
dark blue. The dry lubricated test unit was useful for longer periods than conventional dry lubrication, and
the results were on the same level as grease lubrication, even under high loads.

Figure 13. Temperature and Efficiency (T =500N - m)

Figure 14. Rated torque ratio and lubrication life [1] [2]
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Next Phase

The use of MoS:z powder in the dry lubrication process for the SWG dramatically improved the lifetime
despite testing in the high-load range, achieving the performance guarantee endurance goal. In addition,
the results showed that low power consumption can be achieved because of the gear’s high efficiency at
low temperatures.

The use of MoS2 powder for lubrication shown in this test is still in the trial-and-error stage, and we are
currently verifying the effects of vibration during launch, the amount of MoS2 powder ejected from the bag,
the particle size of the MoSz powder, and the optimum coarseness of the powder bag. The following are
some of the items currently in-work.

Vibration test

There is a possibility that MoS2 powder may coagulate depending on the particle size. The results of a
simple vibration test are shown in Table 8. It is desirable that the particle size is small consistent with the
clearance of the parts needing lubrication, but it was found that small particles are more prone to coagulate
due to the vibration than large particles. The coagulation was not resolved even after vacuum was drawn
in this state. From this result, it was determined that the powder could coagulate during launch or storage,
potentially reducing the amount discharged from the bag during usage. In the future, we will confirm how
the state of the powder in the bag is affected by the vibration during launch. At the same time, the discharge
from the bag will be evaluated.

Vertical shaft test

The steering actuator is actually installed with the rotation axis of the SWG vertical. In order to confirm the
effect of this orientation on powder lubrication, the test apparatus shown in Figures 15 and 16 has been
prepared and tests have been started. The latest information will be reported at the time of the presentation.

Table 8. Simple vibration test (magnification x50)
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Figure 15. Vertical Shaft Test Cross-Section

Figure 16. Vertical Shaft Test Photo

552



References

1. Markus Jansson, Hans Koenen, Jose-Luis Viviente, Adam Tvaruzka, Andreas Merstallinger :
Development of Dry Lubricated Harmonic Drives for Space Applications, pp. 7,2013.

2. Hiroshi Miyaba, Shingo Obara, Mineo Suzuki and Keiji Ueura : Evaluation of Performance and Life of
Harmonic Drive Gear for Space Use, pp. 52-53,2008.

3. Markus Jansson, Dr. Hans Koenen, Robert Nébauer , Gottfried Dallhammer, Grazyna Mozdzen, Andreas
Merstallinger : TORQUE ENHANCEMENT OF DRY LUBRICATED HARMONIC® DRIVE GEARS,
pp.7,2017

553



554



